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Abstract We present an overview of solar flares and associated phenomena, drawing upon a 
wide range of observational data primarily from the RHESSI era. Following an introductory 
discussion and overview of the status of observational capabilities, the article is split into 
topical sections which deal with different areas of flare phenomena (footpoints and ribbons, 
coronal sources, relationship to coronal mass ejections) and their interconnections. We also 
discuss flare soft X-ray spectroscopy and the energetics of the process. The emphasis is to 
describe the observations from multiple points of view, while bearing in mind the models 
that link them to each other and to theory. The present theoretical and observational un- 
derstanding of solar flares is far from complete, so we conclude with a brief discussion of 
models, and a list of missing but important observations. 
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1 The multi-wavelength flare 

Solar flares are the most powerful magnetic events in the solar system. In tens of min- 
utes they can release in excess of lO"'^ erg of energy. They emit radiation across the entire 
electromagnetic spectrum, from radio to y-rays, and are also intimately associated with the 
acceleration of particles into interplanetary space and with coronal mass ejections. The flare 
results from the rapid release of energy previously stored as the inductive magnetic fields 
due to electrical currents flowing into the corona. The total flare energy is compatible with 
the amount of magnetic "free" energy (usually defined as the energy stored in the magnetic 
field that is over and above the energy of the potential magnetic field defined by the same 
boundaries) inferred to be available in the magnetic active regions (i.e., the coronal connec- 
tions of a sunspot group) where most flares take place. The magnetic free energy is is hard 
to evaluate from observations, depending as it d oes on the magnetic vector field, but in the 



to evaluate rrom observations, depending as it d oes on tne magnetic vector tield, but in the 
few cases in which th is has been possible (e.g.. iMetcalf et all 19951 [20051 : ISchriiver et al] 



l2008l : ljing etaPbOOSh . and it is found that the free energy is comparable with that of large 
flares. Furthermore, the energy bud get is difficult t o explain from other possible coronal or 
chromospheric energy sources (e.g.. lHudsonl l2007h. So we can conclude that conversion of 
stored magnetic energy is at the heart of the flare process. 
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Table 1.1 GOES and Ha classifications 
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The term "flare" is normally taken to refer specifically to the electromagnetic radiation 
of this whole magnetically-driven event, which embodies a significant fraction of the total 
energy liberated. The total energy released varies from event to event, with many more small 
events than large events. The distribution of the number of flares as a function of their peak 
energy, or their total energy, or their duration, is approximately a power law, the gradient of 
which is a critical factor in understanding the contribution of flare-like heating events to the 
overall energy budget of the solar corona (e.g.. lCrosbv et alJl993l : lH^nah et al.ll201ll ). The 
primary way of classifying the "importance" of a flare is via its soft X-ray (SXR) flux at 
1-8 A, as measured by GOES (the Geostationary Orbiting Environmental Satellites). Flares 
are classified into X, M, C, B and A flares, with X corresponding to GOES flux in excess of 
lO"'* W mr^ at Earth, and successive classifications decreasing in decades. Table[T]puts the 
X-ray class of a flare in the context of the older classification based on Ha area (data from 
omas & Teskel[T97ll) . 

The majority of the radiative flare energy emerges at visible and ultraviolet wavelengths 
dWoods et alj2006h . Where a bolometric measurement is possible, i.e., in the most energetic 
flares, we find that the radiated optical luminosity is comparable to the kinetic energy of the 
coronal mass ejection (see Section |6j2]i, and also t o the the energy of th e accelerated elec- 



coronal mass ejection (see Section 16^ , and also t o the the energy of th e accelerated elec- 
trons as inferred from the hard X-radiatio n (HXR) |Fletcher et al. I I2OO7I) under the assump- 
tions of the coUisional thick-target model ( lBrownl|l9 7l'). A lot of emphasis has been pl aced 



on har d X-rays (HXRs) in understanding the flare energization process - see Holma n et alj 
( l201lh - despite the fact that energetically they represent only a small fraction of the to- 
tal radiation. However, as HXRs result mainly from the well-understood bremsstrahlung 
radiation process, and the sources are optically thin, it is relatively straightforward to inter- 
pret them. The HXR emission is thus a powerful diagnostic for flare electrons, compared to 
longer wavelength, optically thick radiation, and the measurement of flare HXRs has been 
a primary goal of the Reuven Ramaty High Energy Solar Spectroscopic Imager {RHESSI, 
iLin et alj|2002h . However, hard X-rays alone give only a restricted view of the overall con- 
figuration, development and energetics of a flare, and of its relationship to accompanying 
dynamical processes. The aim of this article is therefore to set the HXRs in the context of 
the multi-wavelength flare, to give an up-to-date observational picture, and to provide con- 
text for subsequent articles in this volume. This article focuses on the radiative flare, and 
discusses the coronal mass ejection and solar energetic particles only in association. It is 
not intended as a comprehensive historical review, although selected historical observations 
appear. The following recent reviews of observations of fla re and r elated phen omena, in clud- 
ing theory, are also r ecommended for furthe r reading: [ Pri est & Forbes (2002); Aschwa ndenI 
l l2002h : lBenzl ( l2008h : lKrucker et alj 120083 ) : I Vrsnak&Cliven ( i2008l) : lSchriiveri t2009i) . 
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Fig. 1.1 Time evolution of the flare SOL2001-10-19T01:05 (X1.6) in multiple X-ray, EUV, and radio wave- 
lengths (from Oiu et al. 2009). The impulsive phase is best characterized by the hard X-ray light curve (blue, 
in the 100 keV band of Yohkoh Wide Band Spectrometer (WBS) or the shortest-wavelength radio emissions 
(black, at 6.6 GHz), from the Owens Valley Solar Array. The GOES lightcurve (red) shows the gradual phase 
well. The two panels at the bottom show TRACE 171 A images defining the flare arcade and its footpoints; 
left, with hard X-ray contours; right, with EUV footpoint locations color-coded by time in the upper panel. 
The black line shows the 6.6 GHz microwave emission, at the electron gyrofrequency for a 2,400 G magnetic 
field. 



As a preview of the introductory sections of this article, Figure fTTTl ffrom loiu et al .l2009h 
sketches out the temporal and spatial evolution of a well-observed major flare, SOL2001- 
10-19T01:05 (X1.6). 



1 . 1 Flare development 



Flares - of all sizes - tend strongly to occur in magnetic active regions and are associated 
with strong magnetic fields in the neighborhood of magnetic polarity inversion lines (which 
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is the dividing line between regions of positive and negative vertical component of the pho- 
tospheric magnetic field, sometimes a lso called a ne utral line). A small fraction of flares do 
occur in so-called "spotless" regions jPodson & He deman 1970; Martin 1980), and large- 
scale fil^men^_eruptions with flare-like properties can happen anywhere on the quiet Sun 
re.g. JHarvev et alJl986h . It is not yet possible to predict the time or location of a solar flare. 
Several statistical studies have attempted to identify active-region magnetic properties that 
are correlated with active region flare productivity, or can even act as solar flare forecasters. 
The best indicators of flare productivity are those known in the "lore" of flare observers re- 
garding the size and complexity of the sunspots in the active region. The lar gest flares occur 
in "delta-spot" regions which have two umbrae within a single penumbra ('Zirin & Liseettl 
1987; Mcintosh 1990). They follow the rate of evolution of the active region (Schrii ver et al.j 
2005h and require the presence of strong magnetic gradients faagvard et al.lll984l) . An ex- 



ample of a flare-productive active region, AR10486, is shown in Figure [L2] The magnetic 
properties of flaring regions are encapsulated in various studies of the photospheric field 
which find higher flare probabilities in regions with high total photospheric magnetic flux, 
excess magnetic energy, long pol arity inversion lines with a stron g, highly variable distri- 
bution of shear along their length dCui et alJl2006l; l Leka & Bamesl l2007) and a high fractal 



dimension of the photospheric fieldTMcAteer et al.l2005t) . Incorporating information on the 
evolution of observed photospheric parameters, the rate of change of the strongest photo - 
spheric magnetic twists in the region, is the best predictor of a flare jLeka & Bamesll2003h . 
However, in general the photospheric properties alone appear to offer poor predictive capa- 
bilities, and it appears likely that parameters of the coronal magnetic configuration offer a 
better prospect. For example, a high degree of co mplexity - expressed in parameters su ch as 
the number of topologically distinct regions (e.g.,ICui et al.»2006l;lB arnes & Lekal2006h . and 
the "effective connected magnetic field" jGeor goulis & Rust 2007) - shows promise, as do 
estimators of th e global non-potentia lity of the magnetic field such as the flux-normalized 
field twist (e.g.. iFalconer et al]|2002l) . Aside from those methods based on magnetic field 
information, a Bayesian approach using p ast history of flare occurrence in an active region 
has also been proposed ('Wheatland"2004). 

One final indicator of approaching flare activity that is worth mentioning is filament ac- 
tivation. A filament is a narrow concentration of dense, cool material («(, w lO'^ cm^^ ,T w 
10^ K) which overlies and runs parallel to a magnetic neutral line. The filament material is 
supported in the atmosphere by a strongly-sheared magnetic field in the corona, primarily 
oriented along the neutral line, and it exhibits substantial plasma flows parallel to this. Qui- 
escent filaments are visible in absorption in Ha against the disk (and emission at the limb, 
against the background sky), and also in absorption in the Transition Region and Coronal 
Explorer (TRACE) extreme ultraviolet (EUV) lines. Prior to a flare, such features are often 
observed to start rising slowly. Just prior to their eruption, brightenings in part or all of the 
filament may also be observed along its length, in wavelengths from Ha to EUV. Filaments 
and their activation/eruption are interesting in the context of flare development as their in- 
volvement in the earliest phase of the eruption, their low altitude in the corona, and their 
strong concentration along the region of sheared field all point towards the flare initiation, 
and possibly a large part of the pre-flare energy storage taking place within 1-2 x 10^ km 
above the photosphere. 



Terminology: Over the decades, the task of describing the appearance and time evolution of 
a flare led to a flowering of classifications and related vocabulary, which evolved along with 
our understanding of the range of flare and flare-related phenomena. This included m uch to- 
ing and fro-ing over the direction of causality between flare and CME phenomena (see lClive3 
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SOHO MDI Continuum 28-Oct-2003 11:11:33 SOHO MDI Mognetogrom 28-Oct-2003 11:11:33 
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Fig. 1.2 Continuum (left) and magnetogram (right) images of NOAA Active Region 10486, which was the 
seat of many major flares in late October/early November 2003, including SOL2003-10-29T20:49 (XIO.O), 
SOL2003-11-03T09:55 (X3.9), and SOL2003-1 1-04T19:53 (X17.4), the most powerful GOES flare on 
record. The 5 configuration is visible in the positive polarity region of this group, with three major um- 
brae (those for X in the range [-140,-200] and Y in the range [-370, -410]) within one penumbra. Also 
visible in the magnetogram are oppositely-colored inclusions within the main spot areas, e.g., at [-140, -390]. 
These occur as a result of disruption of the magnetically-sensitive spectral line because of the strong distur- 
bance to the atmosphere at the time of the flare. Such features are transient and unrelated to actual magnetic 
changes. However, non-reversing magnetic changes at the time of flares are observed; these are discussed in 
Section |X61 



Il99i for a historical overview). Tlie time evolution of a flare based on observations is now 
normally characterized by two main phases, these being the impulsive phase and the gradual 
phase. The rough division of the time-history of emission into an abrupt and a more slowly- 
varying phase has been re cognized throu gh the histor y of flare observ ations in dif ferent 
wave l engths, including Ha I Ellisonll946h . microwaves Jwildetal.ll963l) . and HXRs jKand 



19691 : iKane & Donnellvlll97lh . "Spotless" flares, mentioned above, tend to have less rapid 
rises and less significant impulsive phases than flares in normal active regions. Some authors 
have also classified events as either "gradual flares" or "impulsive fla res" based on their time 
characteristics within a single wavelength range, for example SXRs jPallavicini et a1 .1119771) 
or HXRs (Ohki et al. 1983; Bai 1986) emissions. The notion of the "impulsive flare," i.e., 
one with no gradual phase has more-or-less faded from parlance among flare physicists, 
though it persists in discussions of solar energetic particle events. However, exclusively 
"gradual flares" do occur; such events have essentially no impulsive component and show 
only a more slowly- varying X-ray component at relatively low pe ak temperatures - so low, 
indeed, as to be undetectable by GOES (see [Hudson et al.ll 19951 for example). These are 
often associated with filament eruptions and h ave properties similar to "long de cay events" 
(LDEs) that tend to be accompanied by CMEs ( lKahlej|l977l ; ISheelev et al.l 19831) , but which 
typically do have impulsive phases. 

Time evolution: The time evolution of a flare is characterized by different timescales visi- 
ble at different wavelengths. In the SXR range, following a rise phase lasting a few minutes, 
evolution is slow. The return of this thermal emission to its pre-event levels is a smooth 
decay that can last for hours. At the opposite extreme, the lower-frequency end of the radio 
spectrum exhibits bursts known as type III bursts, with a high brightness temperature, rapid 
drift rate (frequency decre asing with time) and duration as short as tens of milliseconds 
dAschwanden et all 1995al) . These are most normally seen in the decimetric regime and far 
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below, but can also be found in the microwaves. Observations of X-rays at tens of keV and 
above, with the BATSE detector (on the Compton Gamma Ray Observat ory, CGRO) exhibit 
pulses with widths of hundreds of milliseconds to a second or two (see lAschwanden et alj 
Il995bl , for details). This fast structure is sometimes apparently superposed on a slower, 
large amplitude variation (though the slow component could be the superposition of many 
rapid variations). It has not proved possible to detect these short pulses with RHESSI. How- 
ever with both Yohkoh/HXT an d RHESSI, th e phenomenon of HXR quasi-periodic pul- 
sations has become very clear jpoullon et al.l i2005: Ofman & Sui 2006 ; Li & Gan 2008 ; 
llnglis & Nakariakovll200^ . These are modulations in the X-ray intensity, in the few to tens 
of keV range with a modulation depth of up to 90%, and observed periods of tens of seconds 
to a few minutes. The periods observed demand an explanation in terms of MHD timescales; 
for example, a sausage mode could alt er the magnetic field in the l oop leading to variations 
in trapped particl e precipi tation rates ( llnglis & Nakariakovll2009h . or perturbations to the 
accelerator itself dOfman & Sui 200&). Optical flare variations are typically abrupt, tracking 
the HXR lightcurves well at energies of tens of keV in the rise phase, but sometimes having 
a slower decay. UV and EUV also show mixed impulsive and slow variations - major HXR 
spikes are reflected in the lightcurves, but superposed on a slowly-varying background. 

In the HXR impulsive phase, a well-known temporal pattern is the so-called soft-hard- 
soft spectral pattern - namely that the spectral index of the non-thermal part of the photon 
spectrum becomes harder as the non-thermal flux increases. This is a pattern that holds 
universally across individual bursts in the impulsive phase of a flare, both in the footpoint 
regions and the looptop regions (e.g., Battaglia & Benz 2006; see also Figure [33] |. and on 
timescales down to a few seconds. In many flares it also represents the evolution of the entire 
event at lower time resolution, as the HXR flux increases and then decreases again. However 
there is a separate class of events - the soft-hard-harder events - in which the spe ctrum 
continues to become harder throughout th e duration of the event dSilva et al. II2OOOI) . This 
is a property of gradual HXR events (e.g., ICliveretalJfT98^ ;[ Saldanha et al.ll2008h . and in 
at least some events may reflect the presence of long-lived high energy coronal sources 
l lKruckeretan i2008b). It has been interpreted both as a consequence of energy-dependent 
particle losses from a coronal trap (with low-energy particles being scattered out of the trap 
before high-energy particles), and as evidence of continued injection of high energy particles 
after the flare impulsive phase. 

The final time-behavior mentioned here is the Neupert effect - the phenomenon that 
in many flares the time integral of the non-thermal emissions tracks the time profile of 
the thermal emissions. The underlying reason for this is that the mostly thermal coronal 
plasma has a much longer energy loss timescale than the chromosphere, and "integrates" 
the energy deposited there, presumably from evaporation caused by more impulsive lower- 
atmosphere energy input. This was first discovered as a delay between the peaks of SXR 
and microwave emissions (Neupert 1968), but has since become more commonly associ- 
ated with the HXR/SXR time profiles; essentially the HXRs show the (non-thermal) en- 
ergy release as it happens, and the SXRs show the part of it that winds up in the corona 
as high-temperature thermal plasma. The fidelity with which the Neupert effect holds de- 
pends on the wavelength ranges chos en to test it, with higher temperature thermal emissions 
showing a better relationship ( McTiernan et al.iri999i) . The Neupert timing relationship was 
found to hold in 80% of 66 large events studied using th e GOES 1-8 A channel and the 
WM/HXRBS 26-41 keV channel (I Pennis & Zarrdll993h . A statistical study of the timing 
of the SXR peak compared to the HXR impulsive phase in more than 1000 events, using 
GOES 1-8 A and CG/?0/BATSE HXR counts at 25-50 and 50-100 keV, found that 50% of 
events were consistent with Neupert-like timing behavior, 25% were inconsistent, with SXR 
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emission peak ing substantially after the end of the HXR emission, and the remaining 25% 
were unclear dVeronig et alJl2002ah . In those flares consistent with Neupert timing there 
was also a strong linear correlation between the HX R fluence (time-i ntegrated counts) and 
SXR peak flux, as expected. It has been speculated jLi & Garj|2006l) that the flares which 
do not show the expected Neupert timing behavior may occur if the SXR peak only when 
plasm a "evaporated" from the chromosphere (see Section [377l l reaches the top of the flaring 
loops (jReale & Peres' 1995), which introduces a longer time lag for larger flare loops. But 
the level of disagreement has prompted further investigations of individual flares, in which 
the beam power infeiTed from HXR a nd the power require d to explain the SXR flux and 
spectrum were tested for consistency (IVeronigetcd]l2005h . Under straightforward model 
assumptions these two powers were found not to correlate well in time, which may sug- 
gest that there is energy input other t han by non -thermal electrons during some phases of 
the flare (see counter-examples from lNindi2008h . Of course, plasma flows may also lead 
to heating via co mpression that might not match the non-thermal signatures so well (e.g. 
ICaspi & Lirj20Tdh . Violating one particular model assumption, that of a constant value low- 
energy cut off, could (if the cutoff varies throu gh the flare in the right way) lead to better 
agreement dSui et al ] l2005l : IVeronig et al.ll2005h . At the present time, the discrepancies be- 
tween observed and theoretical Neupert effects are probably within the observational limits, 
but hints of different physics from the standard ideas that hot thermal emission is coronal 
and non-thermal emission mostly chromospheric should of course not be ignored. 

Cross-correlation anal ysis has in dicated a delay of the SXR time derivative by ~10 s 
relative to the HXR flux iLiu et al][2006) . This delay can be interpreted as the hydrody- 
namic timescale for the redistribution of energy deposited by non- thermal electrons, consis- 
tent with the results of radiation hydrodynamic simulations (e.g.. lLi et al. I l 19931 : lLiull200i : 
Izharkova et al.,,201 1.) . 



Preflare evolution: Preceding the impulsive phase, there may be initial signs of activity 
termed the pre-flare phase. This term covers both pre-flare activity, which refers to the very 
earliest stages of the flare before the impulsive phase radiation is detectable, and the flare 
precursor events, which are small-scale brightenings in UV to SXR wavelengths happen- 
ing some tens of minutes before the flare. Spatially unresolved lightcurve data such as that 
obtained with GOES may be misleading in this respect, since apparent flare precursors can 
originate from distant active regions, whereas actual flare precursors may fail to be visi- 
ble against the integrated intensity from the disk. However with spatially resolved obser- 
vations it is apparent that flare precursors often do occur in the neighborhood of, but not 
usually at exactly the same l ocation as, the site in which the majority of the flare radia- 
tion will subsequently o ccur jparmlc et al.lll99^ : Iparmlc & Savvlll998l : | Warren & Warshalll 
l200lhlFamfketal.ll2003h . Some authors have explicitly linked pre-flare bri ghtenings with 
the destabilization of the mag netic structure that wil l lead to a CME (e.g., [H arrison e t al.l 
I985LISterling & Moorell20oj) or a filament eruption dParmlc et al.ll2003LIChifor et al...2o'o7[ 



Liu et aljT2009dl) ^ although coronagraphic studies of the former kind are plagued by the lack 



of knowledge of the CME launch time, since substantial parts of the event occur unseen 
below the coronagraph occulting disk. The onset of pre-flare activity, in the form of weak 
SXR emission, precedes the onset of impulsive HXR emission by a round 3 minutes in th e 
vast majority of flares, regardless of their total energy or duration (Veronig et al. "2002b'). 
Spectral line broadening has been observed in the pre-flare phase (Harra et al. 2001, 2009) 
starting minutes to hours before the impulsive phase, consistent with non-thermal effects 
such as plasma turbulence. 
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1.2 The impulsive phase 

The primary energy release occurs during the impulsive phase. This phase of flare activity 
lasts from tens of seconds to tens of minutes and is characterized by HXRs, y-ray, non- 
thermal (synchrotron) microwaves and white-light continuum emission, indicating strong 
acceleration of both electrons and ions. These radiations are accompanied also by strong 
enhancements in chromospheric line and continuum emission, ultraviolet and extreme ul- 
traviolet radiation, and bulk plasma upflows in the EUV and SXRs at speeds on the or- 
der of 100 km s~' co upled with downflows in cooler lines such as Ha dZarro etaTIl 19881 ; 
iMilhgan et aHl2006ah . The impulsive-phase radiation is concentrated at the chromospheric 
endpoints of the magnetic field involved in the flare; indeed prior to the availability of the 
EUV and SXR imaging that has led to a shift of focus to the coronal aspects of flares, 
the strong lower atmosphere signatures led to the ter m "chromospheric eruption" or "chro- 
mospheric flare" being used in early studies jGiova nelli 1948) even as the relationship of 
the radiation increase to flows and to processes higher in the atmosphere and at the Earth 
were becoming apparent. Even now, it is clear that while the magnetic drama takes place 

in the corona, the dominant radiative energy of a flare, from both non-thermal and thermal 

^ II 1 I n 1 I ■ 1 

particles, is from the lower atmosphere (e.g., ChuDD et al. 1973; Hudson 1972; Kane e t al.l 
Il979bl ; iLemaireet al. 2004 ; Mcintosh & Donnelly 1972 ; Wo odgat e et al. 1983) . So some- 
how the flare energy must be transported into the chromosphere, there to be dissipated by 
radiation and flows. There is unfortunately only very sparse knowledge of the optical and 
UV properties of the impulsive phase, and this is a substantial shortcoming and missed op- 
portunity. Rich diagnostic information, particularly in spectroscopic data, informs our un- 
derstanding of the quiet-Sun chromosphere, and to have such data available also for flaring 
regions would substantially improve our knowledge of the results of flare energy deposition 
in these layers, and even give insights into the flare particle acceleration problem. 

The magnetic reconfiguration that allows the rapid release of stored magnetic energy 
in a flare is generally agreed to occur somewhere above the chromosphere in the (low-/3) 
corona. The main theoretical argument for a coronal energy release is that the corona pro- 
vides adequate volume for storing the energy required for a flare. Observationally, the coro- 
nal manifestations such as large SXR and Ha flare loops, HXR looptop sources, and coronal 
mass ejections have almost universally been interpreted in a framework involving large-scale 
coronal magnetic reconnection. Non-linear force-free reconstructions of the magnetic field 
find that the energy is concentrated l ow in the corona in a newly-emerged active re gion, and 
can be sufficient for flaring activity iRegnier & Priestll2007l ; [Schriiver et al.ll2008l) whereas 
in an older decaying active region it is stored higher in the corona. It has proved marginally 
possible to detect differences between the free magnetic energy before an d after a flare or 
CME event jMetcalf et alj|2002l ; lilevbel et al.ll20^ ; ISchriiver et al.ll2008h . More quantita- 
tive reconstructions of the coronal magnetic field which can track the act ual redistribution 
of coronal magnetic e nergy during a flare are just beginning to appear djing et ak I l2008l ; 
iThalmann & Wiegelmann 2008 ). 

The impulsive-phase flare signatures in the lower solar atmosphere are termed "foot- 
points" (originally HXR) or "ribbons" (originally Ha) and are now detectable in a wide 
range of wavelengths. They are interpreted as the chromospheric ends of the coronal mag- 
netic field structures involved with the flare energization at a given instant. The impulsive- 
phase reconnection of the coronal magnetic field is not visible in coronal signatures with 
current instruments, though its effects certainly may be. These effects include the EUV 
and SXR flare loops and cusp-shaped structures that a ppear in the gradual phase (see Sec - 
tion ll.3b and impulsive phase supra-arcade downflows jAsai et al.l2004bl ; lKhan et al .l2007h . 
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Fig. 1.3 SOL2002-10-04T05:38 (M4.0), with TRACE UV (1700 A) ribbons in color overlaid on TRACE 
continuum in black and white. The flare white-Hght sources are visible as small white patches, within the 
UV ribbons, and having a considerably smaller area. The field of view is 135" by 65", pixel size 0.5". Here 
the main neutral line lies between the concave-up UV feature under the sunspot on the right, and the more 
linear feature below it. 



interpreted as the "dipolarization" of newly-reconnected field. These correspond extremely 
well in time with impulsive phase HXR bursts. Flare footpoints occur on either side of the 
magnetic polarity inversion line, as illustrated in Figure 11.31 Early in the impulsive phase 
they tend to be concentrated around this line, and move with respect to it as the flare evolves. 
In the later phase of a flare, when strong Ha and UV ribbons are visible, the ribbons tend 
to move outward from the polarity inversion line, but in the impulsive phase, both ribbon 
and HXR footpoint motion is more complex, sometimes showing parallel or approaching 
motions. This is discussed in more detail in Section [34l 



The importance of flare ribbons and fo otpoints in marking re gions of changing magnetic 
connectivity is now well established (e.g., Mandrini et al. 1991). The large-scale reconnec- 
tion model in two dimensions (e.g., Kopp & Pneuman 1976) was originally developed to 
explain the spreading Ha ribbons and the Ha arcade that appears in the gradual phase of 
a flare. The outer edges of the ribbons show the chromospheric projection of the interface 
(magnetic separatrix surface) between the post-reconnection ("post-flare") arcade fields, and 
the field that is yet to be reconnected. The importance to flare energy release of the three- 
dimensional connectivity of the solar magnetic field around sunspots was known early on 
jGiovanellill 19481 : ISweeil 19691 : ISvrovatskiilfl98lh and early observational associations were 
made between topological structures and observable chromosphe ric Ha feat ures by e.g., 
iGorbachev & Somovl ll989h . lMandrini et al. ( 1991), and Demoulin et al. I(fl992). Interpret- 
ing the chromospheric features within this framework, it becomes possible to establish some 
of the global properties of the magnetic field and its evolution, such as the different mag- 
netic domains, the amount and rate of magnetic flux transfer during flare events, and also - 
under the assumption of two-dimensional translational symmetry - the convective electric 
field (v X B) of the magnetic reconnection. 
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10-April-01 O6;G0:52 TRACE 171 




Fig. 1.4 Left: a beautiful flare arcade (SOL2001-04-10T05:26, X2.3) seen here in the 171 A channel of 
TRACE, revealing plasma at ~1 MK emitting in lines of Fe IX/X. Right: a large post-flare cusp structure ob- 
se rved several hours after the impulsive peak of SOL1999-03-18T08:31 (M3.3) by Yohkoh/SXT and reported 
bv lYokovama et ai]i200lh . The temperature in this structure is 3-4 MK. 



1.3 The gradual phase 



During the gradual phase, identified by its slowly decaying SXR and microwave signatures, 
the effects of the flare on the corona become apparent. Loops and loop arcades emitting in 
SXRs and EUV form and appear to grow (Figure [L4l l. filled (it is usually assumed) by chro- 
mospheric plasma forced to expand into the corona as the chromosphere is rapidly heated 
by particle energy deposition, or by thermal conduction. This expansion is known as chro- 
mospheric evaporation (see Section lTTt . The gas pressure of these flaring coronal loops can 



increase from ~0.1 dyne cm , typical of the quiet corona, to >10 dyne cm , as shown 
by semi-empirical m odels based on radiative transfer theory in chromospheric lines (e.g., 
iMachadoetaPl 19801) . The pressure increase is mainly due to the growth of density in the 
loops, but the new coronal material is also at flare temperatures (10-20 MK), as opposed to 
pre-flare coronal temperatures (1-3 MK). The loop arcades show a gradient in temperature, 
with the outermost lo ops (i.e., th ose corresponding to the outer edges of the ribbons) being 
the hottest ( F orbes & Actonlll996,) . The hottest outer loops sometimes exhibit a "cusp" (Fig- 
ure 11.4b consistent with the shape of the field that would be expected below a coronal cur- 
rent sheet; this cusp is most pronounced later in the gradual phase of the flare jTsuneta et alj 
[1992; Yokovama et al. 2001; Hara et al. 2008). This is circumstantial evidence for coronal 
magnetic reconnection during this phase. Later on, as the corona cools, the arcad e becomes 
visible at lower temperatures including EUV and Ha jSchmieder et al.iri995h . CooUng 
occurs by b oth conduction and radiation, depending on the flare loop length and p lasma 
parameters dCulhane et al]|l970l ; ICargill et al.ll 19951 ; lAschwanden & Alexande3l200ll) . Ob- 
servational studies tend to fin d that earl y on the hottest plasma cools for a few minutes 
by conduction (e. ^JCulhane e talJll994h wh ich may then be followed by dominant radia- 
tive cooling (e.g., Aschwa nden & Alexander! l200ll : I Vrsnak et al1l2006l) . Models have been 
formulated which also take into account the thermal energy redistribution th roughout the 
loop due to conduction, and the gentle chromospheric evaporation that results jCargill et alj 
Il995h . As the loop plasma cools it begins to drain under gravity, and Ha downflows ("coro- 
nal rain") become visible along the legs of the arcade. The plasma upflows and downflows 
have been detected spectroscopically in a number of events (e.g.. IZarro & Lemenlll988l ; 
ICzavkowskaetal .11 19991 ; lBrosiusll2003h . 
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Fig. 1.5 Sequence of Ha-().3 A filtergrams taken at Kanzelhohe Observatory during SOL2()05-01-17T09:52 
(X3.8) in a 400" x 300" field of view. The contours are co-temporal RHESSI 30-100 keV images, and the 
color indicates the polarity of the underlying photospheric magnetic field (red: positive, blue: negative). Be- 
fore 09:35 UT, no RHESSI data were available. During certain flare periods, up to five individual HXR foot- 
point sources were observed simultaneously, located on different Ha flare ribbons, but two main footpoints 
prevailed during the overall flare impulsive phase. Note the general counterclockwise rotation of the line 
conn ecting the opposite-po larity footpoints, an observation often interpreted as a reduction in shear. Adapted 
from lTemmer et al] ^2003). 



Loop arcades observed at a particular wavelength appear to grow upwards and outwards 
in time. This can be seen in Ha ( Sv estka et al, .1987 ). microwaves (.Li & Gan 2005), EUV, 
SXRs and even HXRs (e.g., Gallag her et aUEooir In the common interpretation, the point 



of magnetic reconnection moves slowly upwards in the solar corona as the gradual phase 
proceeds. Successive shells of reconnected loops fill with hot plasma expanding from the 
chromospheric footpoints, a pattern often described as the "CSHKP model" after some of its 
major contributors (H. Carmichael, P. Sturrock, T. Hirayama, R. Kopp, and J. Pneuman). As 
new loops or their footpoints brighten in a particular wavelength, their angle with respect to 



(e.g., Sakurai et alJl992: Sakaoll994 


: Masuda et al.l2001 : Aschwanden & Alexandeil200ll: 


ISu et al.ll2006l; Schmahl et alj 20061; 


Ji et al.ll2008l; Liu et al.ll2009bl). This could be inter- 



preted as due to reconnection starting in highly-sheared field anchored close to the polarity 
inversion line, and progressing to less-sheared field further from it. Figure [T3] illustrates this 
process. 

The gradual phase may last several hours, depending on the magnitude of the flare. In 
many events, the cooling timescales point towards an additional energy source during the 
gradual phase, which could come from ongoing slow reconnection and its associated heating 
dMacCombie & Rustl[l97^ ; lForbes et al.lll98^ , either above the flare arcade or conceivably 
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also between individual tangled strands of the arcade as they shrink down. The arcade ap- 
pears to grow in scale as newer and higher-altitude loops appear, while individual loops 
physically shrink with time (Svestka et al. 1982; Forbes & Acton 1996). Multi-strand loop 
modeling (' Hori et aklfl 9981 : 1 Warren et al.li200a : IReeves & Warrenll2002i) may explain cool- 
ing time profiles, and also the fact that the observed velocity characteristics of evaporative 
upflows tend to be smaller than those predicted by radiation hydrodynamic simulations. 

The gradual phase and the standard magnetic-reconnection model nicely link the ar- 
cade formation with the occurrence of a filament eruption and a CME; this would create the 
(approximately) oppositely-directed field lines that then reconnect (Section |5ll. Further evi- 
dence for ongoing magnetic coronal reconnection comes from the supra-arcade downflows 
{McKenzie & Hudson 1999; Sheeley et al. 2004) observed mainly during the gradual phase 
and apparently moving at a fraction of the Alfven speed. As we have seen already, such 
downflows also occur in the impulsive phase of a flare. The magnetic geometry in which 
the reconnection and shrinkage occur may be considerably more complex in the impulsive 
phase. 



1.4 The magnetic field 

How well do we understand the structure of the magnetic field, which underlies all aspects 
of solar activity? There are routine measurements of the Zeeman splitting in the solar pho- 
tosphere (see Section I2.3I >, especially for the line-of-sight component of the field. We can 
identify the magnetic environment of flare occurrence morphologically - a large, rapidly- 
forming sunspot group containing a "delta spot" certainly has a higher probability of flaring 
(e.g.,^irin & Liggett 1987). At the photospheric level, the polarity inversion line ("PIL" or 
"neutral line") plays an important role morphologically. This line by definition must sepa- 
rate the footpoints of coronal loops, such as flare loops. The field, again by definition, lies 
tangent to the plane of the photosphere at the neutral line, and where it is concave up (the 
"bald patch" configuration) it does not lead to an ov erlying arcade, but still may play an 
important role in flare development (ITitov et al.lll993h . 

Unfortunately the field in the photosphere, which can be observed com prehensively, 
only maps into the corona in an elusive manner (e.g.. ISchriiver et aDl2008h . Many com- 
peting mathematical and MHD-based approaches have b een applied to the pr oblem of ex- 
trapolating the photospheric knowledge into the corona l lSchriiveret"ai]|2006h . but several 
substantial problems prevent these techniques from being quantitatively persuasive. From 
the perspective of flare research, one major objective (for example) would be to characterize 
the "non-potential energy" resulting from current systems linking the corona and the solar 
interior. This energy exceeds the minimum level derivable from a "potential field" repre- 
sentation, i.e., one without embedded currents. This should decrease when a flare happens, 
but th e results of all analyses to date have been uncertain on this point (e.g.. lMetcalf et all 
l2002h . 

The direct measurement of the field via line-splitting observations in an active-region 
corona has met extreme difficulties, and accordingly the results at the present time have 
great uncertainties. In principle one needs to measure a full vector functi on B(r) at each 
point r in the coronal volume. There is progress on this formidable task (e.g.. lTomczvk et aD 
l2008h . Radio techniques also have great promise to determine at least |B|, though, since 
the Larmor freque ncy and its harmonics have clearly identifiable and precise signatures 
fe.g.. lBastian et al iri998h . In general the most exact knowledge of at least the plane-of-the- 
sky projection of B(r) comes from high-resolution imaging in coronal emissions (visible. 
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UV, EUV, X-ray), since they often have fine striations that can be interpreted as due to the 
alignment of the field. A potential-field interpretation of the intensity in the corona above a 
large sunspot can be approximated by that of a simple current loop lying in the photosphere: 
B{z) /Bo = (z^ + l)^-'/^, where z is the height above the umbra in units o f the umbral radius. 
For a radius of 10^ km and an umbral field of 3500 G (e.g., Coxll2000h this formula gives 
axial fields of 300-1200 G at coronal altitudes of 1-2 x 10^ km. For reference, the current 
in the loop has a mag nitudeof 5.5 x 10'^ A. 

When a solar flare happens, the obser ved photospheric field changes in a stepwise man- 
ner llWandll992l : ISudol & Har^l2005h . This would be expected from the extraction of 
energy by its dipolarization following large-scale reconnection, or generally just to reduce 
/ {BySK)dV cHudsoa.200Q) : see Section[3l] 



2 Status of observational techniques 

Flare emissions have been detected all the way from about 10^'" eV (30 kHz, a typical 
plasma frequency in the solar wind near the Earth) out to some hundreds of MeV (the pion 
decay spectrum). This whole vast spectrum, in principle, could be broadly observed with 
sensitive remote-sensing instruments, and in stereo. We could thus aspire to the observation 
of a many-dimensional data cube: x, y, z. A, polarization, and time for starters, and even the 
directional components (limb-darkening function) of the emitted radiation. Clearly the ob- 
servations to date have only begun to scratch the surface of this potential wealth of material. 
In each parameter there is an implied sampling capability - temporal cadence, signal-to- 
noise ratio, contrast, and scattered light considerations provide much further diversity. The 
limits on the available capabilities of course relate to somewhat intangible matters such as 
community preferences, technical feasibility, and cost. We note that solar observers tend (for 
several reasons) to want to study the most powerful events, whereas non-solar astronomers 
may strive for sensitivity instead. Unfortunately, this leaves a huge range of solar parameter 
space unobserved by the best instrumentation. In the following we briefly review the capa- 
bilities of the available multiwavelength observations existing at present, broken down by 
wavelength. 



2.1 Radio 

The radio observations broadly reveal both non-thermal and thermal emissions via several 
mechanisms, and from a broad r ange of phenomena occurring anywhere above the photo- 
sphere (e.g.. ISastian et al]ll998h . For flares the most important of these are the cm-wave 
gyrosynchrotron radiation, for high-energy electrons (the extension, to a few MeV, of the 
energetically important electrons responsible for the impulsive-phase HXR emissions), and 
the meter-wave plasma-frequency emissions that show many dynamical processes in the 
corona. 

The past two decades have seen the improvement and deployment of several instru- 
ments. Th e major dedicated cm/ mm- wave observatory is the radioheliograph at Nobeyama, 
Japan (e.g.. lKoshiishi et aDll994 !) which images at fixed frequencies of 17 and 34 GHz with 
a beam size at 17 GHz of 10". This is accompanied by a non-imaging radio polarimeter 
operating at nine fixed frequencies between 1 and 80 GHz. The Owens Valley Solar Array 
(OVSA) jHurford et alj|l984 iGarv & Hurfordlll999l) has a smaller number of dishes but 
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superior frequency coverage, operating at 86 fixed frequencies from 1 to 18 GHz. This al- 
lows the use of "frequency synthesis" (i.e., the interpretation of the measured (u,v)-plan43 
in terms of a model source spectrum) to augment the coverage in the (u,v)-plane to a certain 
extent. 

At decimeter wavelengths the most productive facility is the Nan9ay radioheliograph 
(e.g.,[Avignon et al. 1989), typically operating at five fixed frequencies in the 150-450 MHz 
range. Joint RHESSI-mdio observations have also been made with a number of dynamic 
spectrographs span ning a wide range of fre quenci es, such as Ondrejov at 0.1-4.2 GHz 



quenci es, 

djiricka et aTll 19931), Huairou at 2.6-3.8 GHz Jfu et al. 2004), the Phoenix-2 instrument at 



0.1-4 GHz (Messmer et a0l999 ^. Tremsdorf at 40-800 MHz jMann et alJl992l) . the Green 



bank Solar Ra dio Burst Spectrom eter at 10-110 MHz ( 1 White et alJl2005al) and Hiraiso at 
25-2500 MHz jKondo et al.lll994l) . There are plans for an ambi tious new sola r radio inter- 
ferometer, the Frequency Agile Solar Radio Telescope (FASR; lBastitinir2003h to cover the 
range 0. 1 to 24 GHz, while low-frequency solar imaging a nd spectroscop y is planned with 
the Lo w Fr equency Array for Radio Astronomy (LOFAR. Ib astianl l 2004l) ; see lClaBen et al.l 
( l2003h and lBenz et alj (|2005[) . At submillimeter wavelengths a dedicated site now exists at 
El Leoncito, Argenti na, where the Sol ar Submillimeter Telescope observes at frequencies of 
a few hundred GHz llKaufmannll2"003h . 



2.2 Infrared 



The solar infrared spectrum extends from visible wavelengths out to the 10 /im band ac- 
cessible to ground-based observations, the mid-infrared accessible only from space, and 
the submm-THz range again accessible from the ground. This huge region contains ther- 
mal free-free continuum and coronal line emission, plus other possible contributors at the 
longest wavelengths. The IR has some advantages, for example, in terms of improved seeing 
and in magnetic sensitivity (e.g., Debi Prasad 1998); on the other hand the diffraction limit 
becomes severe for non-interferometric imagers. 

No dedicated solar infrared observatories at wavelengths much longward of Ifim exist 
at present although developments are und erway in imaging at 10 fira (e.g., Hudson 197^ . 
with flares already having been detected ( iMelo et alJl2006h . Specific observations on the 
1 m McMath Solar Telescope make use of the mid-infrared to study photospheric magnetic 
fields (Moran et al. 2007), and at the 0.76 m Dunn Sola r Telescope to probe flare activity at 
the "opacity minimum" spectral region around 1.5 /im jXu et al. 12004). Direct observations 



of the coronal magnetic field are also becoming possible (f Lin et al T I2OO4I L iTomczvk et alJ 



l2008h . Full disk observations are made daily in the Ca II 8542 A and He I 10830 A lines by 
the SOLIS synoptic telescope (and by earlier Kitt Peak telescopes), and flare spectroscopic 
observations at these wavele ngths are provided by the Multichannel Infrared Solar Spectro- 
graph (MISS: lLietaO2002h at Purple Mountain Solar Observatory (PMO), with a spectral 
resolution on the order of 1 A. 



' The radio astronomers' "(u,v)-plane" is the map of observed spatial frequencies; Fourier transformation 
of measurements at the observed points in the (u,v)-plane yields the source image projected on the plane of 
the sky. 
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2.3 Optical 

General: High-resolution observations have become much more commonplace from ground- 
based observatories. This results both from the availability of large apertures but espe- 
cially from active control of the optics to ameliorate the effects of atmospheric seeing; 
in addition there are advanced post-processing techniques such as speckle reconstruction 
llvonderLuehel[l993h . Specific telescopes include the Dunn Solar Telescope, the Swedish 
Solar Observatory on La Palma, the German Vacuum Tower Telescope on Tenerife, and the 
Dutch Open Telescope. The best of these observations have substantially better spatial 
resolution than contemporaneous telescopes in space, but without the consistently perfect 
seeing conditions. 

Several flexible optical/IR instruments operate in user mode at ground-based observa- 
tories (e.g.. lCauzzi et al With such instruments one can generate multidimensional 
data cubes incorporating spatial, temporal, spectral, and polarimetric measurements. Be- 
ing ground-based observatories, they may operate with state-of-the-art adaptive optics and, 
having large apertures, obtain high resolution while running at high cadence. They also 
have minimal constraints on data bandwidth and can flexibly study a variety of sp ectral fea- 
tures. Future instrumentation is emphasizing larger apertures, higher frame rates i Jess et al.1 



2007), and the imp lementation of high-order adaptive optics (e.g.. iRimmele et al.ll2003l ; 



Denker et al.l 120070 . Major new facilities under study include the Advanced Technolog; 



y 



Solar Telescope (ATST) and the European Solar Telescope (EST). 

Optical observations from space have included the white-light telescope on Yohkoh, 
which despite being short-lived, observed several solar flares in the Fraunhofer G band 
l lMatthewsetalj 2003). In the RHESSI era, the Michel son Dopp ler Imager instrument on the 
Solar and Heliospheric Observatory (SOHO) (MDI: IScherrer et al. 1995.) provides white- 
light full disk images, and the TRACE satellite also has a "white-light" channel with a broad 
response (-1000-8000 A) which was successfully used in the study of solar flares at high 
cadence (Hudson et al. 2006). However, the fi rst full large-aperture optical solar observa- 
tory in space, on board Hinode ( IShimizull2002h . was only launched in 2006. This telescope 
provides diffraction-limited observations with a 50 cm primary and includes both narrow- 
band filter irnagi ng and spectrographic imaging, the latter permitting vector magnetograms 
(e.g.. fLitesetar]E>Oll) . 



Ha: The 3— >-2 Balmer transition line of neutral hydrogen, centered at 6563 A, is historically 
important in flare observations and continues to be observed and studied for its rich diag- 
nostic capability. Many tens of observatories worldwide are engaged in monitoring the Sun 
in Ha for flares, making both full- and partial-disk observations. The US National Oceanic 
and Atmospheric Administration (NOAA) maintains a database of Ha flares stretching back 
decades. Currently five stations provide Ha data for this: Kanzelhohe (Austria), Learmonth 
(Australia), HoUoman Air Force Base (USA), San Vito (Italy) and Kharkov (Ukraine). The 
major Ha instruments with facility for high cadence and high resolution obs ervations, which 
have been used in connection with RHESSI observations, are at Kanzelhohe ( Otrub a & Potzil 
12003) . the 65 cm telescope at Big Bear Solar Observatory (removed from service in 2006, 
and being replaced with a 1.6 m instrument), and the Ha Fine Structure Telescope at Purple 
Mountain Observatory. The Global High-Resolution H-alpha Network consists of the sta- 
tions at Big Bear, Kanzelhohe, Catania, Meudon, Pic du Midi, Huairou, Yunnan, and Mauna 
Loa. Spectroheliographs making Ha o bservations (other than daily images) include those 
on the THEMIS telescope ( lMeinll2002h and at Hida Observatory. 
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Magnetographic: It is difficult to measure the magnetic field in the solar corona directly. 
Photospheric glare makes observations against the disk almost inconceivable except perhaps 
at radio wavelengths; above the limb one has the high temperatures of the corona and line- 
of-sight confusion to contend with. The photospheric magnetic fields are typically observed 
in a weak Fraunhofer line, Ni I 6758 A for MDI. 

Nevertheless, precise knowledge of the vector magnetic field in the corona is fundamen- 
tal to our understanding of flares and CMEs, and much effort is expended in extrapolating 
near-photospheric measurements into the corona. To understand the coronal field, the mea- 
surements would ideally be done above the solar chromosphere where the magnetic field ap- 
proaches the force-free condition and can therefore be used as a reliable lower boundary for 
mathematical extrapolations into the corona, if it remains static. Special observational facili- 
ties exist for the observation of the solar magnetic field in the photosphere via spectropolari- 
metric techniques, with perhaps the earliest serious work done at the Crimean Observatory 
{Severnv 1964). These facilities have different objectives, ra nging from characterization o f 
"sun-as-a-star" average line-of-sight field components (e.g.. lWilcox & Hundhausei]| 19831) . 
to full vector measurements at the highest possible resolution and at different heights in the 
solar atmosphere. The latter data provide the indispensable boundary condition for the in- 
creasingly ambitious efforts to e xtrapolate the structure of the coronal field in three dimen- 
sions (e.g.. ISchriiver e t al] 200Q). Ground -based magnetographs include the early MSFC 
Vector Magnetog raph ([Harvard et al .Il982h . the Mees Imaging Vector Magnetograph jMickev et al.l 
11996), Huairou ( Ai & Hu 1986), the Hida Solar Magnetic Activity Reseai'ch Telescope 
(SMART; Ueno et al. 2004) . the BBSO Digital Vector Magnetograph (Spirock et al.. 200ll). 
the G ONG Networ k, including magn etographs located in 6 sites around the world ( IHarvev et al.l 
11996^, and SOUS ( iKeller et al.120031) . The Hinode spectropolarimeter, which uses the Fe I lines 
at 6302. 1 and 6302.5 A, is the only high-resolution vector magnetograph in space, while the 
HMI instrument on the Solar Dynamics Observatory now pr ovides high-cadence , full-disk 
photospheric vector magnetograms at a I" spatial resolution i Graham et al.ll2003l) . 

The coronal magnetic field, in spite of frequent small-scale activity, normally is consid- 
ered to be force-free. Thus it contains currents, so that a simple extrapolation of any photo- 
spheric magnetic field, the (non-force-free) source of the stresses that drive these currents, 
may incorporate systematic errors. Accordingly several observatories have beg un sys tematic 
observations of the chromospheric magnetic field in Na I 5896 A ( Metcalf et al.l 19951) or an- 
other chromospheric line such as H/3 . The upper chromosphere should be more force-free 
and these observations should enable more accurate extrapolations. 



2.4 UV-EUV-X-ray wavelengths 

From the UV into the SXR domain (up to a few keVjl one can use specialized astronomical 
techniques involving normal-incidence or, at the shortest wavelengths, grazing-incidence 
mirrors. Such observations need to be made in space because of the large opacity of the 
Earth's atmosphere. Indeed, solar observations at these previously inaccessible wavelengths 
were a part of the early history of space astronomy, leading to Skylab. The following para- 
graphs summarize some of the observations concurrent with RHESSI. 



^ Roughly, the UV and vacuum UV extend through the Lyman continuum; at shorter wavelengths to about 
44 A, the carbon K-edge, it would be EUV, and shortward still soft X-rays. 
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Ultraviolet: For spectroscopy, SUMEF0 ( IWilhelmetaIlll995h has provided excellent data 
but with limited solar flare coverage for technical reason s. TRACE ha s provided excellent 
imaging observations but with poor spectral resolution ( iHandvet all [1999). The TRACE 
UV bands includes a narrow (~30 A) band centered on strong lines of C IV, plus broader 
UV channels covering Lyman-a and the UV continuum to around 2500 A, and a "white 
light" channel covering the full range of spectral response of the Lumogen-coated charge- 
coupled device (CCDjj. Nevertheless this rich spectral domain, the most important for 
studying the chromosphere and transition region, still remains underexploited; for example, 
there are no comprehensive observations yet even of Lyman-a, the strongest line. 

EUV: Again TRACE has provided excellent EUV observations at the standard normal- 
incidence narrow spectral bands centered at 171, 195, and 284 A, corresponding to tran- 
sitions of Fe ix/x, Fe XII (and Fe XXIV in flares), and Fe XV. Such observations, pio- 
neered by the EITpl instrument ( Delaboudiniere et al. 19 9 ^, now con tinue stereoscopically 
( iKaiser et alj|2007l) on the STEREO spacecraft ( iHoward et alJl2008l) . In addition to these 
broad-band imaging instr uments, stigmati c slit spectrographs have flown on SOHO (310- 
380 A and 520-630 A; Har rison et aljl995l) . and now on Hinode (170-210 A and 250-290 A; 
ICulhane et al.l2007l) . These provide high resolution spectroscopy enabling detailed diagnos- 
tics for plasma densi ty, temperature, velocity and abundance. Currently the Aly^ instrument 
jRochus et al. l[200i) on SDO provides comprehensive coverage of this type, with 10 s ca- 
dence, many passbands, and whole-Sun imaging with negligible gaps in time coverage. 

Soft X-rays: The SXR flux from a solar flare has become the definitive flare observable via 
the GOES flare classifications, and photometric SXR observations have continued in an un- 
broken photometric sequence since the 1970s. High-resolution imaging began with grazing- 
incidence telescopes on rocket s and then (with film readout) on Sky lab. In 1991 Yohkoh was 
launched with its SXT imager (i Tsuneta etalJl99lh which could image at spatial resolutions 
down to 5", and now Hinode carries the improved XRT instrument (Gol ub et al. 200 7). The 
temperature coverage of XRT is around 1-30 MK, and multiple filter combinations permit a 
temperature discrimination as good as logTg = 0.2. 

In terms of energy, the end of the soft X-ray range and the begirming of the hard X-ray 
range is a somewhat arbitrary matter, which varies from author to author in solar physics, 
and also varies from field to field in astrophysics. Roughly speaking, energies of 0.1-10 keV 
are counted as "soft" X-rays in solar physics, and energies above about 20 keV are "hard." 
Between these two, the description "soft" or "hard" can depend on whether the spectrum 
looks thermal or non-thermal. 

Spectroscopy: High-resolution spectroscopy (from infrared to the y-rays) provides the clos- 
est approach to learning the state of the flaring plasma via remote sensing. Generally these 
techniques provide information about the electron energy distribution function, but extract- 
ing information about the electron angular distribution is extremely difficult, even adopting 
the common assumption of azimuthal isotropy with respect to the magnetic field. The SXR 
emission lines have been particularly productive in flare research, with ins truments flown on 
many spacecraft - most recently the Yohkoh Bent Crystal Spectrometer ( iLang etal.ll 19921) 

' The Solar UV Measurements of Emitted Radiation instrument on SOHO. 

"* Lumogen is a proprietary coating that extends the UV response of the CCD. 

' Extreme-EUV Imaging Telescope on SOHO. 

' Atmospheric Imaging Assembly. 
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and its follow-on RESIkQ (ISvlwesteretal.ll2005h . The latter observes in narrow bands 
around the principal X-ray emission lines of Si, S, CI, Ar, and K in the 3.1-6.6 A range, 
with access to other features at higher grating orders. 

At longer wavelengths the definitive observations have come from stigmatic slit spec- 
trographs, which image in one dimension and thus multiplex the second spatial dimen- 
sion in time. The definitive instruments in this category are not particularly optimized for 
flare observations but have produced many interesting results. These are curr ently SUMER 
Jwilhelm et al. 1995 ), which covers the VUV range 500-1610 A, and EIS dCulhane et id] 
l2007h which covers the XUV range 170-290 A (in two bands). This latter range conve- 
niently overlaps the standard spectral selections for normal-incidence imagers such as those 
on SOHO and TRACE (see above). 

The Solar Dynamics Observatory now also pro vides EUV spectral irradiance measure- 
ments for the Sun as a star via its EViJfl instrument dWoods etalJl2010h . 



Hard X-rays and y-rays: At energies above a few keV, focusing optics have until recently 
been prohibitively difficult. Accordingly simple counter spectrometers provided the main 
source of information. Such HXR time series provide important information about the flare 
impulsive phase (and other epochs of particle acceleration) even without imaging, and many 
instrumen ts have contributed to this. At present RHESSI and Fermi, through its GB1V0 in- 
strument jSchwartz et"ai]|2010l) provide this information routinely. New spectroscopic data 
exten ding into the y-r ay range are available from other instruments, including INTEGRAL 
(e.g.. ,Grosetal.ll20()4h . 

Over the years 1991-2001 Yohkoh provided s ystematic HXR ima ging for the first time, 
using non-focusing optics. The HXT instrument (Kosugi et al.lll99l"l) thus anticipated some 
of RHESSFs results in HXRs, providing four energy channels over ~ 15-92 keV. True imag - 
ing spectroscopy for hard X-rays and y-rays began in 2002 with RHESSI iUn et alJl2o6i) . 
The single RHESSI instrument consists of nine high-purity germanium detectors, segmented 
into front and rear segments for sensitive and simultaneous hard X-ray and y-ray measure- 
ments. These detec tors have resolutio ns as good as about 1 keV (FWHM) over the range 
3 keV to 17 MeV dSmith et al.ll2002h . Each of the detectors has a bigrid modulation col- 
limator with different parameters (thickness and angular resolution) jHurford et al.ll2003) . 
giving imaging (at a basic 4-s time resolution governed by spacecraft rotation) down to the 
arc sec range. 



2.5 Particles and fields 



Solar energetic particles: The Sun emits charged particles, neutrons, and energetic neutral 
atoms as a part of flare/CME physical processes, and these (as well as the solar wind) provide 
independent samples of material or accelerated particles with which to compare the remote- 
sensing observations. Ideally one would be able to compare the separate populations of 
energetic electrons and ions detected in situ with those inferred from the RHESSI HXRs and 
y-ray observations. The "multiwavelength" flare observations in a sense include the direct 
detection of high-energy particles emitted both promptly and with delays by solar flares 

^ REntgenovsky Spektrometr s hognutymi Kristalami. 
^ EUV Variability Experiment. 
' Gamma-ray Burst Monitor 
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and CMEs. These SEPs (Solar Energetic Particles) have a rich history of observation from 
space, and have also been termed "solar cosmic rays." Many spacecraft have observed SEPs 
in the past, and the current flotilla includes ACE (Advanced Composition Explorer), SOHO, 
the two STEREO spacecraft, Ulysses, WIND, and other missions both in deep space and in 
near-Earth space. The relativistic "gr ound level ev ent" solar particles can also be detected 
by neutron monitors at the Earth (e.g., ICliveJ2006h . either as neutron secondaries or directly 
in a few cases. 

Neutrons and ENAs: Sola r neutrons, produced mainly in (p, p), (p, a), and (a, p) reactions 
llHua & Lingenfelterlll987h . can propagate into interplanetary space and even arrive at the 
Earth's surface if at high enough energies. The natural decay time o f a free neutron is a bout 
866 s0 An array of neutron monitors and neutron telescopes (e.g.. lMuraki et al.ll2007l) can 
detect both direct neutrons and secondary neutrons induced by charged particles creating 
cascade showers. The largest advances in our understanding of solar neutrons will come 
from instruments flown within a few tenths of an AU of the Sun, within the decay-time 
horizon for lower-energy neutrons that do not survive to one AU. 

Neutron-decay products (en ergetic protons, with a char acteristic spectrum) can also be 
detected in interplanetary space (lEvenson e t al."l983'.'l99Cf). and in principle fast electrons 
as well (Droge et aL 1996) . A further channel for flare study has recently surfaced: one event 
(SOL2006-12-05T10:35 , X9) has been found to have emitted detectable levels of energetic 
neutral hydrogen atoms jMewaldt et alJl2009l) in the 1.8-5 MeV range. 

Interplanetary Coronal Mass Ejections: Finally, the low-energy ejecta of an ICME (In- 
terplanetary Coronal Mass Ejection) may contain a large total energy and accelerate par- 
ticles copiously (see Section [6!2l l. as well as provide information via their magnetic fields 
jBurlaga etal .11 19821 : iBothmer & Schwennill99i) . 

2.6 Summary 

From the foregoing one can recognize that our observational power has increased consid- 
erably during solar cycles 22 and 23, and in fact provides some information in almost all 
wavelength bands. We list some of the dedicated whole-Sun instruments in Table [ZTI for 
reference. In spite of all of the data available, it would be quite misleading to imagine that 
any of the material is definitive, and we return to discuss the missing things in Section [7^21 
The lack of imaging spectroscopy in the optical (other than a few prominent lines) and the 
UV is especially painful, and the THz and y-ray regimes are very under-exploited. In general 
one can recognize that non-solar observational facilities (e.g., NASA's Great Observatories 
such as Chandra) have highly desirable characteristics (resolution, sensitivity, background 
levels) that are not at present achieved by dedicated solar instruments. In addition, the ex- 
citing era of stereoscopic observations has now begun, but with only a limited instrument 
complement. Clearly stereoscopic observations, including an out-of-the ecliptic capability, 
would be of great value at all wavelengths; for example, at HXR or radio bands such a capa- 
bility would make it possible to study the anisotropic radiation patterns of flare emissions, 
as well as the three-dimensional structures of their sources. 



A free neutron decays, with a half-hfe of about 15 minutes, into a proton, and electron, and an antineu- 
trino. 



Table 2.1 Full-disk solar data sources" 
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Observatory 


Observation 


Dates 


URL 




I. Radio 


Nan^ay 


Decimetric imaging 


1997-present 


http : //bass2000 . bagn . obs-mip . f r/Tarbes/J 


Nobeyama 


17 & 35 GHz imaging 


1992-present 


http: //solar .nro .nao . landac . jp/norh/ 




SSRT (Irkutsk) 


5.73 GHz imaging 


2000-present 


http: //ssrt . iszf . irk.ru/| 




II. Infrared 


Kitt Peak 


8542 A, 10830 A imaging 


2007-present 


http: //solis .nso . edu/| 




III. Optical 


GONG 


Quasi-continuum images 


1995-present 


http : //gong . nso . edu/ | 




GONG 


LOS magnetic field 


1995-present 


http : //gong . nso . edu/ ' 




Global Ha 


Ha Imaging 


2000-present 


http: //swrl .nj it . edu/ghn_web/'] 




SDO 


HMI 


2010-present 


http: //jsoc . Stanford. edu/ 




SOHOMDI 


Quasi-continuum images 


1995-2011 


http: //soi . Stanford. edu/ 




SOHOMDI 


LOS magnetic field 


1995-2011 


http: //soi . Stanford. edu/ 




SOLIS 


Vector magnetic field 


2008-present 


http: //solis. nso. edu/ 1 




IV. UV/EUV 


soHomn 


171, 195, 284, 304 A imaging 


1995-2011 


http : //umbra. nascom . nasa . gov/eit/ 




STEREOIEUm 


171, 195, 284, 304 A imaging 


2006-present 


http: //secchi . Imsal . com/EUVI/j 




SDO 


AlA 


2010-present 


http: //jsoc . Stanford. edu/ J 




V. Soft x-ray 


Yohkoh/SXT 


~ 1 keV imaging 


1991-2001 


Ihttp : //solar . physics . montana . edu/ylegacy/J 


GOES-n/SXl 


~ 1 keV imaging 


2001-2007 


http: //www. swpc .noaa.gov/sxi/index. html 




G0ES-13/SXI 


~ 1 keV imaging 


2006 


http: / /www. swpc .noaa.gov/ sxi/index.html 




Hinode/XRT 


~ 1 keV imaging 


2006-present 


http : //sdc . uio . no/sdc/welcome 




GO£S- 14/SXI 


~ 1 keV imaging 


2009-present 


http: //www. swpc .noaa.gov/sxi/index.html 




VI. Hard X-ray/y-ray 


YohkoimXT 


~ 13-91 keV maging 


1991-2001 


'http : //solar . physics . montana . edu/ylegacy/ 1 


RHESSI 


3 keV - 17 MeV imaging spectroscopy 


2002-present 


http : //hesperia . gsf c . nasa. gov/hessi/ 





" This is only a selection, emphasizing stable full-disk observations; please note that there are many more resources with limited fields of view and/or coverage. 
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3 Footpoints and ribbons 

3.1 Overview 

Traditionally we call the HXR brightenings, often observed as paired compact sources, /oof- 
points, and the elongated structures originally found in Ha images ribbons. In fact both 
features can be observed at many wavelengths; the ribbons are prominent in the UV and 
EUV (observed, for example, by TRACE (Warren & W arshaH 2001 ; Saba et al. 2006) ). The 
footpoint sources tend to be distinguished by their strong HXR and/or white light emission. 
Either way, these features occur pairwise separated by a magnetic polarity inversion line in 
the photosphere, which separates the two polarities of the vertical magnetic field. Regions 
connected by coronal magnetic fields are called conjugate points. Figures [TTTl 1 1.51 and l3.1l 
show the context. 

The principal physical distinction between the footpoint and ribbon morphologies may 
reflect the idea that the footpoints are the direct result of non-thermal processes (traditionally 
interpreted in terms of the thick-target model, in which electrons lose their energy collision- 
ally in the chromosphere), whereas the ribbons also show excitation which could be due to 
thermal conduction from the overlying coronal arcade, or from weak particle precipitation. 
Careful observation and modeling of individual flare events demonstrates that the location 
and evolution of the ribbons is clearly related to the magnetic topology in which the event 
occurs. In particular, flare ribbons reflect the projection of the separatrix or quasi-separ atrix 
structure where flux transfer between magnetic domains is occurring (e.g., Mandrini et al.l 
Il99ll ; iDemoulin et al.llT997l) (see Section 13.51 for illustrations and further discussion). In 
Ha and the UV/EUV, the flare ribbons have a tendency to spread systematically outwards 
from the magnetic polarity inversion line, with their appearance becoming more ordered as 
the flare progresses. 

On the other hand, the HXR footpoint sources frequently move along the Ha or UV/EUV 
flare ribbons, rather than away from the polarity inver sion line, and are fo und at loca- 
tions distinguished by their h igh magnetic field stren gths ( Tem mer et al ]|200f ) or their high 
magnetic flux transfer rates ( ILiu et al. I l2008al : Ipietohei. 2009.) . HXR footpoints, generated 
by electron-ion bremsstrahlung of non-thermal electrons in the chromospheric plasma, are 
well-correlated in space and time with white light sources, confirming them as locations of 
intense energy deposition (e.g., Hudson et al. 2006). Though it was for a long time believed 
that white-light emission is a "big flare" phenomenon, targeted observations at high cadence 
and high spectral resolution seem to suggest that even the smallest flares have a white-light 
counterpart. The generation mechanism for the white-light emission is not known, one issue 
being that if the white-light emission is a photospheric or lower chromospheric phenomenon 
this places perhaps unreasonably strong demands on beam excitation models. Observations 
in the infrared at 1.56 ^xm, corresponding to the wavelength at which th e solar opacity is 
a minimum, also suggest strongly that the deep atmosphere is involved dXu et al.ll2004) . 
In EUV, the counterparts to the HXR footpoints are often observed as particularly intense 
brightenings, and in TRACE observations this leads to characteristic diffraction patterns 
caused by the metal grids supporting the EUV filters, such that even if t he CCD is satu- 
rated at the footpoint pixel some limit s to its intensity can be calculated jLin et alJ[200ll ; 
iGburek et al.ll2006l ; lMrozek et al.ll2007h . 

One of the significant observational discoveries by RHESSI has been y-ray footpoin ts in 
a small num ber of solar flares, imaged in the 2.223 MeV neutron capture line (Hurford et alJ 
I2003l . l2006h . The 2.223 MeV line is produced by the radiative capture on hydrogen of a ther- 
malized neutron. The neutron itself results from an earlier interaction by a primary energetic 
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Fig. 3.1 RHESSI and TRACE flare observation of SOL2002-07-17T07:13 (M8.5), showing UV ribbons 
made up of multiple small sources, and simultaneous RHESSI 25-50 keV footpoints superposed (blue con- 
tours, at 25%, 50% and 75% of maximum). The RHESSI contours were made using the Pixon algorithm 
jMetcalf et al.iil996) , including Grid 1 which is capable of showing spatial detail at 2.3" scales. The RHESSI 
sources correspond well to the ribbons overall, but the ribbons are significantly more extended. 



ion un dergoing inelastic scattering resulting in a neutron-emitting isotope ( iHua & Lingenfelte^ 
Il987h . It takes a substantial column depth to slow the initially fast neutrons, so the 2.223 MeV 
radiation presumably forms in the dense lower atmosphere. 

The RHESSI 2.223 MeV y-ray observations should determine the centr oid location of 
the final neutron captures to within about an arcsecond ( iHurford et al.ll2003h . These obser- 
vations are difficult to make, involving long integrations because of the low intensity of the 
radiation, and the high energy photons are modulated only by the thickest RHESSI grids, 
providing limited spatial information. The four flares that have been imaged in this way 
so far show single or double (in one case) y-ray image components at roughly, but not ex- 
actly, the same location as the HXR footpoints. In three out of the four events, there is a 
statistically significant displacement between the 2.223 MeV sources and the 200-300 keV 
sources. This is dealt with in Vilmer et al. (201 1). 

Strong evidence for the impact of solar flares on the deep atmosphere - the lower chro- 
mosphere or photosphere - is also present in two other signatures. Flare-induce d seismic 

wave s ripple out across the photosphere as detected by helioseismic techniques ( Ko sovichev & Zharkoval 
Il998h . and strong changes occur in the photospheric magnetic field, most readily visible 
in the line-of-sight component. The changes are essentially simultaneous with the flare 
(e.g.,[Su dol & Harvev 2005) and with emission at the 1.56 jim "opacity minimum" height 
i Xu et al.ll2004) . There is no question that the effects of the flare reach deep into the solar 
atmosphere. 

The behavior of the chromospheric footpoint plasma during the impulsive phase remains 
ill-understood theoretically. At the same time it is in one sense the most important flare prob- 
lem, since as we will describe in Section|6j2]the white-light and UV continuum in this phase 
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may dominate the radiated energy of a flar e. The problem has been r epeatedly treated in the 
1-D "radiation hydrodynamics" approach jKostiuk & Pikelnejfl975 ) in which gas dynam- 
ics is coupled with some treatment of radiative transfer. Recent developments in this area 
jAUred etal. II 20051) include an elementary formulation of beam heating, along with ioniza- 
tion calculations, line and continuum radiative transfer, and 1-D hydrodynamics. However 
the limitations of even this advanced treatment (one dimension; no self-consistent treatment 
of particle or wave energy transport) strongly suggest a need for additional development. 
The coupling of radiation and matter is decisive for the radiation signatures, of course, and 
also is necessary to understand the upwards mass flow and the seismic signatures. Self- 
consistent modeling should also include wave energy transport llEmslie & Sturroc3ll982l : 
[Fletcher & Hudsoa.200&) . 



3.2 Timing 

The HXR sources can fluctuate rapidly, on time scales below 1 s (e.g., lKiplingeJl993) . Such 
short timescale variations could reflect transport or acceleration processes. For reference, a 
30 keV electron at v = 0.3c would move ~10^ km in of order 0.1 sec. The timing mea- 
surements are especially interesting in comparison with radio measurements, which show 
myriad fine structures in their spectrograms. Figure 13.21 shows a representative example 
of a decimeter-wavelength dynamic spectrum (unflitered and frequency-filtered) compared 
with HXRs ( Aschwanden et al. 1995a), in which detailed correlation between spikes is seen. 
It is more difficult to interpret the decimeter bursts because of their non-linear generation 
mechanisms; the timescale for the development of the kinetic instability related to the beam 
transport time (the "bump-on-tail" instability) is important. In some flares the decimeter 
wavelengths and HXR correlations are very good, but not in all - possibly du e to the com- 
plexit ies of the plasma radiation generation and absorption/Razin suppression ( iBastian et al.l 
1 1998b. At centimeter wavelengths there can be a much more precise relationship. 

S akao et"aD ^1996) have used HXR timing measurements to establish conjugacy (see 
Section 13.11 1 statistically, drawing the inference that a coronal particle acceleration region 
sends bremsstrahlung-producing fast electrons simultaneously (to a few tenths of a second) 
into t he two footp oint regions. At present there is no analysis of RHESSI data along these 
lines. lAschwanden et al. ( 1995b) have extended HXR timing analysis in an effort to establish 
time-of-flight delays between HXRs at different energies. Their decomposition of the time 
series of the Masuda flare, to name only one example, is consistent with signatures of loop- 
top injection superposed on a slowly varying envelope; n ote though that the interpretation 
of such a decomposition is not unique (iBrown et al.lll998l) . 



3.3 Morphology of flare footpoints and ribbons 

There are distinctions between the impulsive (early) and gradual (late) phase behavior of 
flare ribbons and footpoints. In the gradual phase of a flare, the emission tends to be in two 
roughly parallel ribbons, visible particularly well in Ha and UV (see, for example. Fig- 
ure |33]l. These tend to separate slowly from one another and from the magnetic polarity 
inversion line as the flare proceeds, although the HXR footpoints can have more compli- 
cated apparent motions as discussed below. The roughly parallel expansion of the ribbons 
led to the standard magnetic reconnection model. In the gradual phase of the flare, foot- 
point emission is thought to be powered primarily by electron beams, but may instead result 
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Fig. 3.2 Comparison of decimeter-wave and HXR time variations fAscliwanden et al."1995a'); data from the 
Ikai'us spectrograpli (PeiTenoud 1982) and the 5A/M/HXRBS instrument (Orwigetal. 1980), respectively. 
The upper two panels show the radio spectrogram for SOL1980-03-29T()9: 18, with the lower one filtered to 
show temporal gradients; the bottom two panels show the radio flux integrated over 100-400 MHz and the 
HXR flux. 



from thermal conduction from the overlying hot loops (see the analysis of lCzavkowska et al] 
l200lh . The flare ribbons in Ha can be some tens of arcseconds wide, particularly in the 
gradual phase, and show internal structure (also visible in some cases in UV). The grad- 
ual phase ribbon morphology in EUV appears similar to a patterning associated with hot, 
high pressure coronal loops (in this case flare loops). In such structures conduction from the 
loops causes plasmas at transition-region or coronal temperature to appear at chromospheric 
heights. The resulting pattern of spatially-intermittent and dynamic hot plasma and spicules 
is known as "moss" (Bergeretal. 199ft). The leading e dges of the ribbons, illuminated in 
EUV, are con siderably narrower (e.g.. lAsai et"ani2003h . and are also where the brightest 
Ha emission (ISvestkaetal.lll982h and the HXR footpoint sources are found in the impul- 
sive phase. Hard X-ray bremsstrahlung is not normally a feature of the ribbon-associated 
gradual phase, athoug h late-phase non-therm al emission with different morphologies is now 
known to be common ( iKrucker et al.ll2008ah . 

In the flare impulsive phase the picture is more complicated. For example , more than 
two UV or Hg ribbons may be seen in magnetically quadrupolar flares, (e.g., iTandl 19851 : 
ISu et alJ[2007l) . as well as a small number of bright footpoints visible in white-light, UV, 
HXR or Ha kernels. In general the HXR sources are confined to localized areas situated 
on the outer edges of the elongated flare ribbons observed in UV and Hg (Figure 11.51 ) 
and are predominantly associated with bright HgAJV kernels jAsai etal.ll2002l . l2004d : 
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Fig. 3.3 The flare SOL2001-04-10T05:26 (X2.3) iAsai et alj2003ft in Ha, showing chromospheric emission, 
and TRACE 171 A showing a mixture of transition-region ribbons and loops. This sequence shows clearly the 
spreading of the flare ribbons as the flare progresses. This event had an extended impulsive phase consisting 
of several HXR spikes; the cross diffraction patterns at the footpoints are characteristic of TRACE impulsive 
phase EUV observations. The thickening of the Ha libbons is clear, and where these thickened inner portions 
map to the TRACE emission in panel VII, there is a "moss"-like appearance. 



iKrucker et aDl2005h. Often there are two main HXR footpoints, but som etimes there are 
more (e.g., lFletcher & Hudsoij|2002l : iLin et al.ll2003l : iTemmer et al.ll2007h . The HXR emis- 
sion is direct confirmation of the presence of non-thermal electrons in the lower chromo- 
sphere, which also heat and (further) ionize the chromospheric plasma as they stop colli- 
sionally. 

A basic property of flare footpoints is that they are compact. In wavelengths from the 
infrared through the extreme ultraviolet, the dimension of the brightest flare footpoints 
matches the miniumum scale resolvable by the instrumentation used. Only with the launch 
of Hinode do we have hints that we are approaching the basic scale for the optical flare 
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kernels. Sub-arcsecond structure has been detected in optical flare sources which are seen 
to consist of a bright emission core with a FWHM of around 500 km (corresponding to an 
area of around 10 '^ cm^), surrounded by a diffuse halo of emission having greater extent 
dlsobe et alJboOTh . This diffuse halo is interpreted as radiation from the core backscattered 
by deeper atmospheric layers. Arcsecond-sca le widths (diffr action limited) for flare ribbons 
were also observed in the infrared at 1.56 /im dXu et alj2004) . Spatial resolution at UV/EUV 
wavelengths is not so high, but TRACE UV observations of flare kernels in the 1600 A band, 
where not saturated, are consistent with them being on the scale of the telescope poin t 
spread function (see images in e.g., IWarren & Warshallll200ll : [Alexander & Covnej[200^ . 
The size scale of HXR images is harder to quantify, but in some flares RHESSI imaging 
reveals HXR footpoint sizes comparable with the resolution capability of the finest grids 
(2.3 arcseconds FWHM ) (e.g. Jpletcher et al.ll2007l ; ISchmahl et al.ll2007( ; lKo"ntar et alj200"i ; 
iDennis & Pemakll2009 '). corresponding to an area on the order of 10 cm . The smaller op- 
tical sizes may imply that the optical excitation is taking place deeper down, in a converging 
magnetic field, or it may mean that the HXR footpoints simply have not been resolved yet 
at the best RHESSI resolution. 

During the Yohkoh era, the Yohkoh/SXT observed impulsive SXR footpoint sources 
indicating heating of upper chromosphere or transition region plasmas to around 10 MK 
jMcTiernan et al.J993. ; .Hudson et al. 1994; ,Mrozek & Tomczak.2004.) . The SXR emission 
is not consistent with an extrapolation of the bremsstrahlung power law spectrum to low en- 
ergies, and originates in the chromosphere. Thus it appears to correspond to strong heating 
of the chromosphere (Hudson etal. 1994). In beam-driven radiative hydrodynamic simu- 
lations, to achieve such temperatures at the appropriate heights in the atmosphere requires 
beam energy fluxes on the ord er of lO" erg cm^^ s^' , or alternatively a lower electron flux 
for hundreds of seconds ( AUred et al ]l2005h . 

Although the impulsive-phase HXRs and optical emissions are well-correlated in space 
and in time, the relationship between HXR and UV/EUV emission is not so clear. There are 
often pre-flare brightenings in UV which remain bright during the flare, and the HXR foot- 
point s occur only at locations which were not bright in UV before the flare dWarren & Warshalll 
l200ll) . There are good temporal UV/HXR correlation s during the flare, but as not ed the UV 
ribbons are more extended than the HXR footpoints ([Alexander & Covneill2006|) . So there 
are evidently only a few locations in the flare magnetic field which are involved in the accel- 
eration of a large number of non-thermal particles. Looking next at the UV/EUV and HXR 
sources which are at the same locations during the flare itself, there is a relatively good cor- 
relation between the TRACE 1600 A channel flux and the Yohkoh/HXT 33-53 keV flux, and 
a weak anticorrelati on between the TRACE UV (1600 A) and Yohkoh HXR spectral index 
dMrozek et al.l2007l) . An anticorrelation would be expected due to the plasma heating in the 
upper chromospheric levels produced by an electron beam in which low energies (with short 
coUisional stopping depths) dominate. The TRACE 1600 A channel is rather broad in wave- 
length, so it is not clear which lines or continua may be dominating the UV flux. This may 
explain in part the relative weakness of this correlation. However, the weak correlation may 
well indicate the importance of heating mechanisms other than beam heating (e.g., thermal 
conduction) in producing EUV footpoints. The study has not yet been repeated using the 
better spectroscopic capabilities offered by RHESSI. 

A small number of isolated footpoints is the dominant impulsive-phase HXR morphol- 
ogy, with elongated HXR flare ribbons rarely observed. The first re port of HXR ribbons 
was in Yohkoh HXT observations of SOL2000-07-14T10:24 (X5.7) jMasud a et al. 200^. 
In the well-observed SOL2005-05-13T16:57 (M8.0) flare, the RHESSI HXR sources evolve 
from footpoints concentrated in strong magnetic field areas along the TRACE UV ribbons in 



28 



Fletcher et al. 



280 
260 
240 
220 
200 
180 

280 
260 
240 
220 
200 
180 



.e Ml ' 16:41:04 

.. \ - 

peak flux= 0.21 : ^ 


.f MX ; 16:42:04 

2^ 

peak flux= 0.39 : ^ 


g \\ 16:43:04 

peak flux= 0.26 : ^ 


•h i 16:44:04 
peak flux= 0.18 : 



-220 -200-1 80 -1 60 -1 40 -1 20 
X (arcsecs) 



-220 -200-1 80 -1 60 -1 40 -1 20 
X (arcsecs) 



Fig. 3.4 Time sequence of RHESSl 25-50 keV HXR images together with TRACE 1600 A image contours 
(white lines) showing the evolution of the HXR source emission from localized footpoints to ribbon-like 
emission. Flare SOL2005-05-13T16:57 (M8.0), adapted from Liu et al. (2007). 



the HXR rising phase to ribbon-like HXR source structures closely matching the UV flare 
ribbon morphology after the HXR peak (see Figure [34l l. The simpler structure of the HXR 
ribbons presumably reflects more closely the pattern of electron acceleration along the flare 
loop arcade during its formation (iLiu et al . 2007. 2008a). Figure \3A\ suggests that RHESSl 
has sufficient resolution to resolve discrete footpoint features that would be interpreted as 
multiple simultaneous footpoint brightenings. We should note that the appearance of elon- 
gated HXR ribbon-like features might also result from source motions during the relatively 
long HXR integration times (>4 s for RHESSl imaging). 



3.4 Motions of ribbons and footpoints 



As flare reconnection proceeds in the standard model, different elements of the magnetic 
field move into the reconnection region. This leads to the expectation that the Ha/UV flare 
ribbons or footpoint sources move. In many flares the footpoints appear to move away from 
one another and from the magnetic polarity in version line as the flare loop system grows 
(for recent studies see, e.g., iFletcher & Hudson 2002: Oiu et al. 2002.: Krucker et al. im^ : 
lAsai et al.ll2004al : IVeronig et alj|200d : Miklen ic et al.ll2007l : iTemmer et al.ir2007h . The flare 
ribbons are understood to somehow map to the energy release site in solar flares, and the 
movement of the ribbons and kernels across the photosphere, and their relationship to mag- 
netic fields, is an important means by which the magnetic reconnection process can be ex- 
plored. For example, under the assumption of magnetic flux conservation the progress of 
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the flare sources across the magnetic flux of the photosphere can be used to measure the 
magnetic flux transfer rate. 

However, much more complex HXR footpoint motions are observed than the straight- 
forward separating ribbon motions mentioned above. In Yohkoh/HXT data only about 13% 
of HXR flares exhibit HXR footpoi nt motions correspondi ng strictly to separation with re- 
spect to the polarity inversion line ( iBogachev et al ] l2005h . and are more likely to have a 
component of motion along the ribbon direction. They can also approach one another. Both 
converging and separating footpoints travel at tens of kilometers per seco nd. A recen t statis - 
tical study of footpoint motions in 27 RHESSI X- and M-class flares bv lYangetal1 ( l2009l) 
has found that parallel/antiparallel motions are more likely during the SXR rise phase than 
during the flare peak, where separating motions become more prominent. Many individual 
examples confirm that the HXR footpoint motion s do not always agree with the standard- 
model predictions of separating footpoints (e.g., iFletcher & Hudsorj|200j : iKrucker et"an 
1^03; Grigis & Benz 2005; Ji et al. 2006). As in the 2-D flare model, the interpretation of 
the footpoint motion is still in terms of magnetic reconnection, but in a complex magnetic 
field. The complicated footpoint motions are likely to be linked to the projection(s) of the 
locus of reconnecti on. Particular examples of this can be found in sheared arcade m odels 
dSomov et al.ll200 j) . and the "slip-running" reconnection model jAulanier et alj[200^ . 

Footpoint motion parallel to the magnetic polarity inversion line: An example of foot- 
point motion parallel to the magnetic inversion line is shown in Figure [331 The SOHO/EIT 
image of SOL2002-1 1-09T13:23 (M4.9) shows a postflare arcade, with the centroid position 
of the RHESSI HXR footpoints superimposed. As the event progresses, in several emission 
spikes, the HXR footpoint pairs move along the arcade. Source motion specific to the emis- 
sion spikes shows up as deviations from the overall trend of the footpoint motions, and 
are decomposed into parallel and perpendicular components relative to this trend. Footpoint 
motion is directed parallel to the ribbons and is smooth at these scales, in contrast with the 
bursty evolution of the HXR flux. There is no evidence for a systematic trend in outward 
perpendicular displacement, or of discontinuities during the transitions from one spike to 
the next. The emission spikes originate at different sources along the arcade. The overall 
picture is that the HXR footpoint motion may be a co nsequence of a movi ng trigger, pos- 
sibly caused by an asymmetric eruption of a filament ( iTripathi et alj|2006h . or a "domino 
effect" where energy release in part of the field triggers activity in its neighbors. 

Converging Footpoints: In its first couple of minutes, SOL2002-1 1-09T13:23 (M4.9) also 
exhibits a convergence of the flare footpoints, explained in terms of the sequentia l activation 
of a flare arcade which varies in width along its length jOrigis & Benzll2005h . A differ- 
ent kind of converging footpoint motion, corresponding to footpoints travell ing anti-parallel 
to on e another and along the ribbons, was seen earlier with Yohkohf HXT ( iBogachev et alj 
|2005|) . and now frequently in RHESSI (e.g., iFletcher & Hudsonll2002 '). However, a new fea- 
ture of such events became apparent in RHESSI observations showing the accompanying 
HXR coronal source. A number of events observed in HXRs, Ha and UV/EUV showed 
approaching footpoints in the early impulsive phase, accompanied by a projected down- 
ward motion of the coronal HXR source, and followed by separation of the footpoints and 
a projected rise in the coronal source (F igure | 3.6|l. These include SOL2002-03- 14T0 1 :44 
(M5.7) , SOL2003-10-29T20:49 (XIO.O) (Zhou et a l.ll2008l : lji et al. 1 2008*: 'Liu et al."2009bh. 
SOL2002-09-09T17:52 (M2.1), and SOL2004-11-01T03:22 (Ml.l) (Ji et al. 2004, 20^ 
The initial converging motion has also been noted in UV/EUV ribbons dZhou et al.ll2008r) . 
The footpoint convergence phase lasts for a few minutes, and both footpoints and coronal 
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Fig. 3.5 Top left: SOHO/EYT 195 A image of post-flare loops with the RHESSI HXR source positions su- 
perimposed for SOL2002- 11-09713:23 (M4.9). The positions of the 20-50 keV sources from the CLEAN 
images are represented by crosses with arm lengths equal to the errors, positions from the PIXON images 
are given by circles. Simultaneous footpoints are connected and color coded according to the time intervals 
defined in the bottom part. The neutral line is shown in gray. Bottom left: Time evolution of the flux and 
spectral index. Right: Time evolution of the source positions relative to the trend fines. Tiiangles and stars 
with error bars refer to values derived using CLEAN, squares and circles using PIXON, for the western and 
eastern footpoints, respectively. 



sources move with a projected speed of some tens of km s ' . iLiu et al ] ll2009bh found an 
example of simultaneous height decrease and footpoint convergence. In the cases of an- 
tiparallel footpoint convergence, the empirical shear (determined from the angle relative to 
the neutral line made by the line joining footpoints) may decrease no matter whether the 
footpoints move inward or outward with respect to the polarity inversion line. 

The downward motion of the coronal sources is consistent with the extraction of mag- 
netic energy from the field (Hudson 2000). It has been interpreted in two related ways - 
as an initial s hrinkage of the field in a 2-D "collapsing trap " immediately following recon- 
nection (e.g., iKarlickv & Kosugill2004l : IVeronig et aDl20 06^ and as the consequence of the 
relaxation of shear in a 3-D arcade model (see also iji et a l. 2007; Somov et al. 2002). In the 
latter model, the less-sheared field reaches a lower altitude in the corona than more-sheared 
field, and its relaxation can in principle explain both the decrease in coronal source altitude 
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Fig. 3.6 Converging footpoints in SOL2004-1 1-01X03:22 (Ml.l): (a)-(b) RHESSI HXR contours overlaid 
on He,— 0.5 A filtergrams taken at PMO, with the blue contours at 25-60 keV and the red ones at 3-6 keV, 
(c) RHESSI 50-100 keV time profiles, (d) distance between the two conjugate Ha kernels or HXR conjugate 
footpoint sources, and e) projected height of the RHESSI loop-top source. From .Ji et al.. (2006) . 



and the converging footpoint motion. We discuss the relationship between ribbon motions 
and coronal dynamics extensively in Section l431 below. 



3.5 Flare footpoints and the magnetic environment 

It has long been known that the magnetic structure of the solar corona is reflected in the 
distribution and evolution of flare footpoint sources. The simplest example of this is the 
straightforward mapping between the pre- and post-reconnected field in the 2-D standard 
model, and the spreading Ha ribbons. Even in more magnetically complex configurations, 
in principle each X-ray footpoint, or white-light/UV kernel, maps via the coronal field to 
a conjugate counterpart. In practice this has been difficult to demonstrate quantitatively. 
The flare impulsive phase is characterized by complex magnetic geometries, and recent 
years have also seen great advances in breaking down the active region coronal field into 
its topological elements - separatrix and quasi-separatrix layers, separator field lines and 
null-points. This remains an area of intense theoretical activity, as part of an overall effort 
to understand how magnetic reconnection takes place in three dimensions. The hope is that 
the observed evolution of footpoints can aid in this overall goal. During the flare impulsive 
phase, where the HXR and WL footpoints are typically observed, the magnetic geometry is 
not readily interpreted from EUV loop observations (as is the case in the gradual phase). The 
magnetic field is presumably stressed, and therefore the relatively straightforward potential 
field extrapolations may provide a misleading picture of the the overall coronal structure 
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Fig. 3.7 Portions of the photospheric projection of separatrix structures from a linear force-free magnetic 
extrapolation are shown by Mandrini et al. 1 1995) to correspond to the locations of flare Ha ribbons. Contours 
show ±400 G levels of magnetic field strength. Note, the con'espond ence between separatr ix and ribbon 
positions is not found for a potential model. The Ha ribbons are found bv lMandrini et al.l i 19951) to coirespond 
to the regions of highest current density in their model. 



(though as we see below they have been used to explore certain aspec ts of the flare geome- 
try). Since the Skylab era (Zirin & Tanaka"l973^: |Pallavicini et alJl975h it has been clear that 
later loops in the gradual phase of a flare look more potential-like, and make a larger angle to 
the neutral line, and this is often glibly taken as evidence for the reduction of shear expected 
to reduce the stored magnetic energy. Clearly it is not that simple; the observed changing 
pattern of shear is determined by the amount of shear in the pre-flare field as a function of 
distance from the neutral line before the flare, as well as its reduction as a function of time 
during the flare. The distribution of magnetic shear within the flaring volume reflects the 
paths taken by coronal current systems, about which we have little knowledge. 

Footpoints and magnetic topology: The earliest observational studies demonstrated that 
the locations of Ha ribbons could be explained (with a suitable arrangement of magnetic 
charge extrapolated in a potential approximation) as the intersection of coronal separatrix 
surfaces with th e photospheric boundary (Gorbachev & Somov 1989: Mandrini etal.,.199ll: 



lLongcopel[T99^ . An example of this is shown in Figure 13.71 jMandrini et al.lll995b . Many 
flares have been modeled using similar approaches with increasing degrees of complexity 
■ for example, i ncorporating linear force-free fields (Dem oulin et al. 1 994) and non- linear 



- tor example, i ncorporating linear torce-tree tields (Uem ouiin et al. 1 ^94) and non- linear 
force-free fields jRegnier et al.ll2002l : iRegnier & Canfieldibood ; ISchriiver et al.ll2008l), and 



using increasingly precise representations of the photospheric field tea mes et al.ll2005l) and 
chromospheric magnetic fields (Metcalf et al. 2005) as input. Overall the correlations be- 
tween the photospheric mappings of separatrices, quasi-separatrices and separators, and the 
observed location of flare footpoints are convincing, but certain aspects still evade a clear 



' ' This is "magnetic charge topology," in which an array of fictitious magnetic monopoles is used as a best 
fit to a p hotospheric magnetogram, as a basis for 3-D potential-field extrapolations iBaum &Bratenahllll980t 
iDemouUn et aljl993l ; lLongcopgil99flb . 
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Fig. 3.8 Left: positions of the HXR footpoints in SOL2001-08-25T16 :45 (X5 .3) I'Metcalf et al1l2003h . with 
time color-coded on the right; data from the YohkohfHXT instrument tSakaol lT994). Right: locations of the 
separatrix surfaces projected onto the photospheric plane, with the shading representing the magnitude of the 
separatrix discontinuity. The upper footpoints illustrate the complex motions along the flare ribbons, while 
the lower points show rapid motion. The authors showed that this motion coincided with the photospheric 
intersection of a magnetic separatrix structure. 



explanation. These mappings have not yet allowed us to fully understand the reason why 
the HXR or WL footpoints are few and compact, while the Ha ribbons are extended, nor 
the properties of the reconnection that determine the motions of the footpoints. But they are 
providing us with fascinating clues. 

Prior to RHESSI, a small number of studies had been carried out in which the relation- 
ship between magnetic field and HXR footpoint location was investigated. As well as the in- 
vestigations into footpoint asymmetry described below, there was some early work on HXR 
sources in the context of magnetic topology. For example. Figure 13.81 shows the Yohkoh 
HXR and TRACE WL source motions observed in SOL2001-08-25T16:45 (X5.3), com- 
pared to the projections of coronal separatrix structures onto the photosphere jMetcalf et al.l 
l2003h . This Figure reveals strong resemblances between observed and calculated features; 
in particular the lower source moves extremely rapidly almost in coincidence with one of 
th e separatrix intersecti ons, in a manner suggesting the "slip-running" reconnection model 
of lAulanier etaP ilOOi ). Evidence was also found for a coronal null and reconnection of ex- 
ternal field through a separatrix "dome" (Fletcher et al. 2001). Yohkoh-eva observations also 
showed that HXR sources t ended to avoid sites of high vertical current density, preferentially 
occurring adjacent to them ductal .11 19971) . 

RHESSI data have led to more studies relating HXR footpoint behavior and magnetic 
fields. For example, in SOL2005-01-17T09:52 (X3.8), which exhibits four Ha ribbons and 
corresponding HXR footpoint sources, the two strongest and long-lived Ha kernels and 
HXR footpoints are observed to tend to avoid the strongest fields, and move approximately 
along iso-Gauss con tours, along the border between the sunspot's umbra and penumbra 
jTemmer et al.ll2007h . Also in this event, the magnetic reconnection rates derived for flare 
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Fig. 3.9 RHESSI hard X-ray source centroids overlaid on a TRACE white-light image (left) and MDI 
magnetogram (right) for the X4 flare SOL2005-01-17T09:52. The subsequent occun'ence of the HXR 
sources from 09:43:20 to 10:04:10 UT is color-coded from red to blue. Left: TRACE white-light contours 
roughly outline the umbrae as well as inner and outer penumbrae of the sunspots. Right: Isogauss lines at 
-2000, - 1600, - 1300. and -600 G (white contours) and -h 600. -h1300, and -H15Q G (black contours). The 
yellow line marks the magnetic inversion line. Adapted from lTemmer et al] j2007l) . 



ribbon locations showing HXR footpoints are higher (by two orders of magnitude) than 
those in flare ribbon locations not showing HXRs. The strongest HXR sources were prefer- 
entially located in those regions of the ribbons with the strongest magnetic field, although 
this can not readil y be seen from Figure [XOl Similar results were obtained from Yohkoh/HXT 
studies ( lAsai et a l. 2002, 2004a). 

For three major RHESSI flares, it has been demonstrated jPes Jardins et al ] l2009l) that 
the path of HXR footpoints corresponds to a particular type of topological structure, a subset 
of the photospheric spine lines identified in magnetic charge topology models (see Long- 
cope, 2005, and the discussion in Section 13.51 1. These are lines that join two magnetic 
sources of the same sign ("charge") via a magnetic null. The implication is that the foot- 
point movement reflects the changing length of the separator joining the nulls on the two 
spine lines, as the coronal reconnection proceeds and the reconnection region moves. 

The huge differences derived in the local energy release rates for flare ribbon locations 
with/without HXR footpoints in combination with the limited dynamic range of present 
HXR instruments (of order 10:1) can explain the different flare morphologies typically ob- 
served in HXRs (compact footpoints) and Ha/UV (extended ribbons). However, it is still 
implied that a large fraction of the electrons is accelerated into spatially confined subsystems 
of magnetic loops as outlined by the HXR footpoints, and only a minor fractio n goes into the 
large flare arcade outlined by the HaAJV ribbons and EUV postflare loops iTemmer et al.l 
|2007|) . 

Alth ough white lig ht is an important indicator of the locations of strongest energy in- 
put (e.g.. iNeididl 1 989l) . and although it is substantially simpler to image than HXRs, we do 
not have adequate systematic observations. In particular the white-light footpoint motion has 
only rarely been studied. SOL2001-08-25T16:45 (X5.3) ( Metcalf et al. 2003) is one such ex- 
ample. The SOL2002-09-30T01:50 (M2.1) white-Hght flare studied bv lChen & Din3 ( l2006h 
is another It showed systematic footpoint motion in the white-light continuum, following 
roughly that of the corresponding HXR source. Footpoints at both wavelengths zigzag back 
and forth, primarily parallel to the magnetic neutral line (see Figure [TTOl l in a manner which 
may be explained by the particular magnetic configuration in the flaring region. 
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Fig. 3.10 Footpoint motion history in the white-light continuum {pluses) and 12-25 keV HXR emission 
(diamonds) supeiposed on the MDI magnetogram in the white-light flare SOL2002-09-30T01:50 (M2.1). 
The magnetic neutral line is plotted as the dashed line I Chen & Dindl20d6h . The points generally describe a 
clockwise motion, and cover a time interval of about five minutes. 



Footpoint Asymmetry: A basic prediction of flare models invoking electron acceleration 
in the corona and precipitation to the chromosphere is that regions with stronger magnetic 
field convergence (i.e., a stronger chromospheric or photospheric magnetic field) should be 
locations of weaker HXR footpoint sources, because the higher mirror ratio leads to a larger 
fraction of accelerated electrons mirroring before they reach the thick-target footpoints. The 
ratio of brightness in footpoint pairs should thus be inversely correlated with the ratio of 
magnetic field strengths at the location of those footpoints. This tendency was demonstrated 
systematically in early analyses of a small n umber of double-fo otpoint flares obser ved with 
Yohkoh/HXT, using both line-of-sight (e.g.. ISakao et al.lll994) and vector fields jLi et alj 
[T997I) . but later work revealed counter-examples. Stronger HXR footpoints we re found in 
strong er magnetic field regi ons in at l east on e-third of 32 flares examined (e.g.. lGoff et al.l 
l2004h . A detailed study bv lLiuetal.1 ll2009bh of RHESSl footpoint pairs in SOL2003-10- 
29T20:49 (XIO.O) showed the expected relationship in the first few minutes of the event, but 
thereafter it disappeared. Furthermore, although the sign of the correlation was as expected 
early in the event, the magnitude was not consistent with simple predictions of the magnetic 
mirroring model. They also found that coUisional losses due to asymmetric column densi- 
ties from the looptop (assumed to be the acceleration region) to the footpoints alone cannot 
explain the totality of the observed HXR fluxes and spectra. This is con sistent with the re- 
sult of a statistical study of RHESSl footpoint asymmetry carried out bv lSaint-Hilaire et~al 



1 2008), though these authors did not examine the footpoint magnetic fields. As iLiu et al 



2009c) suggest, more detailed modeling including mirroring, collisional losses, and other 
particle transport effects (such as nonuniform target ionization, relativistic beaming, pho- 
tospheric albedo, and return currents) may provide a resolution to the above discrepancies 
(see Figure [TTTb . An alternative investigation of the foo tpoint asymmetry intrinsic to the 
acceleration process has been pursued (McClements & Alexander 2005.) to explain the ob- 
servations of l Alexander & Metcalj [2mS) . 

Most of the microwave emission in flares is gyrosynchrotron from non-thermal elec- 
trons, the intensity of which depends on the electron energy and on the ambient magnetic 
field. Thus the stronger-field footpoint should correspond to stronger microwave sources 
(and weaker HXR footpoints), giving a complementary view of footpoint asymmetry. This 
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Fig. 3.11 Time profiles of X-ray and magnetic field parameters of the conjugate footpoints in SOL2003-10- 
29T20:49 (XIO.O). (a) HXR fluxes at 50 keV of the eastern footpoint (E-FP, blue diamonds) and western 
footpoint (W-FP, red crosses) obtained from power-law fits in the 50-150 keV range, (b) SOHO/MDl mag- 
netic field strengths registered at the two footpoints. (c) Ratios of the 50 keV fluxes (W-to-E) and magnetic 
fields (E-to-W) of the two footpoi nts. The ex pected congelation between these two ratios only holds for the 
first half of the flare duration (from lLiu et alj2009b() . 

relati onship has been found to hold in some recent investigations llKundu et al.ll995l : IWang et alJ 
Il995h . but the modeling presents the complicated problem of understanding the microwave 
absorption. Without understanding absorption it is not possible to get at information about 
the microwave footpoints, and so any conclusions drawn from HXR and microwave com- 
parisons are premature. 

Inference of the properties of magnetic reconnection: The product of the footpoint appar- 
ent speed and the line-of-sight magnetic field, expressed as a flux transfer rate <P, has been 
used as a m easure of the coronal reconnection rate by various authors (e.g., Oiu et al I2OO2I : 
iFletcher eTal . 2004; Jing et al. 2005; Temmer et a l. 2007.) . The quantity <i> can be estimated 
from the observations as (e.g.. lForbes & Lij200(ll) : 

d f 

<P=—jBpi,da, (3.1) 

where da denotes the ribbon area and Sph the normal component of the photospheric mag- 
netic field. 

In the gradual phase of large two-ribbon flares where the magnetic configuration is well- 
approximated by a 2- or 2.5-D field (i.e., no significant shear or twist compo nent of the field), 
the coronal reconnection r ate is also equal to an equivalent electric field Ec dPoletto & KoppI 
ll986l : lForbes & Lirjl2000h . i.e.. 



Ec — VfpBph- 



(3.2) 
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where Ec is the convective electric field at the magnetic reconnection site, Vfp the observed 
speed of the apparent HXR footpoint or HaAJV flare ribbon and Spi, the vertical component 
of the photospheric magnetic field. Moreover the energy release rate equals the Poynting 
flux into the current sheet (e.g. jLee et al.ll2005) . Estimates of the flux can be obtained from 
the motions of footpoints and the Une-of- sight magnetic field strength at the flare footpoints 
re.g. Jlsobe et al.ll2002l : lAsai et alJl2004d : lTemmer et alJl2007h . 

In the impulsive phase, which observationally is far from two-dimensional, the relation- 
ship between footpoint motion, magnetic field and flux transfer rate should be preserved 
(this follows from magnetic flux conservation) but the coronal reconnection electric field is 
not so readily obtained. Nor, in an environment of strong twist and shear, will there be a 
straightforward relationship between <i>, the Poyntin g flux and the ener gy release rate. We 
note that a study with a prescribed 3-D coronal field jHesse et al.|[2005h showed a relation- 
ship between the instantaneous reconnected magnetic flux at a field line and the "field-line- 
integrated" parallel electric field along that field line, suggesting that the endpoints of field 
lines with high values of this electric field correspond to locations of chromospheric excita- 
tion. Although the relationship between 4> and the parallel field is determined by the coronal 
magnetic configuration, which is not generally known, this analytic work can give us some 
confidence that <i> calculated from footpoint motions is a meaningful quantity, also in the 
impulsive phase. 

Observationally there are interesting correlations between 4> and properties of the foot- 
point radiation. Several studies reveal correlations between the HXR flux evolution and the 
derived reconnection quant ities Ec and <i>, and also with the sp eed of the f ootpoint sepa- 
ration or flare loop growth ( Oiu et al. 2002 ; Fletcher & HudsonI 2002 ; Kruc ker et al.p003 ; 
Asai et al."2004a'; 'Liu et al." 2004': 'Krucker et al."2005':'Veroni g et al.ll2006 : iSaba et akOOod : 
Miklenic et al. 2007; Temmer et al. 2007). Figure KV2\ shows the result for SOL2003-10- 
29T20:49 ( XIO.O), with derived Vfp, VfpSph and v'tpS^j^ curves correlated with the RHESSI 
HXR flux jKruckeretal .112005b . In this flare the HXR flux exponentially correlates with 
the magnetic field strength at the footpoints, w hich may scale with the field strength in the 
coronal reconnection region (Liu et al. 2009b). Figure [3T3] shows the relationship in time 
of <P{t) derived from SOL2003-1 1-18X08:31 (M3.9). Each of the strongest three RHESSI 
HXR peaks is well reflected in the derived <Pit) time pr ofiles but shifted in time by 1-2 min 
(for a discussion of this effect see lMiklenic et al.ll2007l) . The correlation in time and space 
between locations of high Vfafl ph and footpoi nt intensity has also been demonstrated in detail 
using TRACE UV footpoints ( lFletchej|200^ . 

Interestingly, in the rare example of the HXR ribbon flare SOL2005-05-13T16:57 (M8.0), 
which has at first glance quasi-2-D properties, there is a better correlation between the HXR 
intensity and the derived local magnetic reconnection rate and energy release rate when there 
are only a few isolated HXR foot points, than when the ribbon-like HXR emission appears 
jjing etalj|2007l : iLiu et alj|2008d) . 

Further substantial progress in determining the reconnected flux and Poynting flux will 
be extremely difficult. It will require not only the measurement of the chromospheric vec- 
tor magnetic field (to assess time-dependent field perturbations at the boundaries) but also 
microwave observations of gyroresonance emission leading to improved knowledge of the 
coronal mag netic field. Usi ng multi-frequency microwave observations, such as are planned 
with FASR ( lBastiadl2003h . isosurfaces of magnetic field strength can be computed. Cou- 
pled with plasma flow information from EUV spectrscopic diagnostics, "before and after" 
changes of the field around a flare would give an independent view of the energy extracted 
from the field, as well as some information about how it moves through the configuration. 
Direct observations of the coronal magnetic field at the limb using infrared Zeeman splitting 



38 



Fletcher et al. 



10' 
ro 10-* 

O ,Q-5 

CD 

10° 
"> 12 

CD 

^ 10 



'o> 6 

S 4 
o 

o 2 

S 

-600 

- -400 
a 

-200 

80 
60 

E 

40 




6000 
" 5000 
^ 4000 
^ 3000 








v*B : 










> 2000 










1000 





















400 










E 300 

tn 










^ 200 


I ^ 








en 

•> 100 





















20:40 


20:44 20:48 20:52 
time [UT] 


20:56 


21:00 



Fig. 3.12 Magnetic reconnection analysis of SOL2003-10-29T20:49 (XIO.O). Time series of: (a) GOES SXR 
flux, (b) RHESSI HXR flux at 50 keV of the Eastern footpoint source, (c) photospheric magnetic field B at 
the instantaneous footpoint location, (d) velocity i' of the HXR footpoint source, (e) product vB (magnitude 
of co nvective electric field E^), (f) product vB' (measure of the energy release rate W) (from lKrucker et al] 
1200^. 



jLin et alJ200(]h are pro ceeding now with t he CoMP instrument ( iTomczvk et al.l2008h . The 
Hanle effect in the UV ( iRaouafi et al1l2009l) is also utilized. 



3.6 Excitation of the deep atmosphere 



As is well known, the first recorded observation of a solar flare dCarringtonllfsS ^ was in the 
optical or "white light" wavelength range. Since such a flare is visible over and above the 
bright photospheric radiation (6.27 x 10^" erg cm^^ s^^ in the quiet Sun), roughly doubling 
it, this emission is a significant component in the flare energy budget. A small number of 
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Reconnected Flux j 
(positive polarity) : 




08:05 08:10 08:15 08:20 
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Fig. 3.13 Magnetic flux change rate <p{t) together wit h the RHESSI 20-60 keV HXR flux for SOL2003-11- 
18T08:31 rM3.9). Adapted from lMiklenic et alj j2007h . 



direct m easurements of the flare total irradiance now exist for large flares jWoods et al.l2006l : 
iKretzs chmar 2008), in which the total radiant energy of the flare is measured to be a few 
times 10^^' to 10^^^ erg. Wh ite-light emission can also be present in relatively weak fl ares, 
down to low GOES C class jMatthews et al.ll2003l : [Hudson et al.ll200d : IJess et al.ll2008h . 

The generation of flare optical radiation (IR/visual/UV continuum) is not yet well ex- 
plained, and it may be that there are different processes operating in different flares. Where 
spectr oscopic observations are available, o bserved white-light flares have been split into two 
types jMachado et a"i]|l986l : lNeididll989h . Type I flareo show intense and broad Balmer 
lines and Balmer and Paschen edges (resulting from recombination), and are thought to oc- 
cur in a heated chromosphere. Type II flares, much less frequent, do not show these features 
and may arise from enhanced H continuum. The location at which the Type II flare ra- 
diation is produced is not known. Generally it is hard to see how the deep layers of the 
photosphere could be directly excited by electron beams with out requiring rather unreason- 
able electron energy budgets jAboudarham & Henouxlll986). Excitation by proton beams 
with energies of 10-20 MeV has also been proposed (e.g., ISvestkj[l970l : iMachado etaP 
Il978h . since protons have a greater penetration depth than electrons of the same velocity. 
A small velocity dispersion is required to focus the energy deposition over a narrow range 
of depths, as well as to find agreement with proton fluxes at ~ 30 MeV implied by y-ray 
observations. Energetic electrons would need to be present in addition, to account for the 
HXR flux. 



T ype I and Type II as used here should not be co nfused with the meter-wave radio bursts (e.g.. I Wild et alj 
1 19631) . nor with the spicules iPe Pontieu et alj2007l) . 
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A popular model for the Type I events, which does not require electron beams to reach 
the deepest layers of the chromosphere, is the "radiative backwarming" model. In this model 
energy is deposited in the upper chromosphere gen erating a strong Balm er-Paschen contin- 
uum by recombination, whi ch vyarms lowe r levels (' Metcalf et alj 1990l) . This idea is close 
to the original suggestion of lHudsoiil ( 1 19721) to bypass the complicated problems of radiative 
transfer with t he "s pecific ionization" approximati on, which implies secondary ionizations. 
iHudso n' ('1972') and lAboudarham & Henou?3 ([1986') also note that the non-thermal ionization 
of hydrogen would also strongly enhance the continua. Non-LTE simulations suggest that a 
purely chromospheric t emperature rise may be insufficient to produce the continuum inten- 
sity enhancements seen (lDing&Fangf l99^ and an enhancement near the temperature mini- 
mum region may still be necessary. Evidence for the e ffect of energy deposition was found i n 
the white-light flare SOL2002-09-29T06:39 (M2.6) ( jping et al.l2003l : IChen & Dindl2005h . 
This event had two HXR footpoints, one with weaker HXR emission but stronger white- 
light contin uum emission, and a relatively weak, centrally-reversed Ha profile (see e.g., 
ISvestkalfl966 . for a discussion of flares at optical wavelengths). This profile indicates that at 
the weaker HXR footpoint the atmosphere had not been fully heated, and under such condi- 
tions it is possible that an electron beam could effectively penetrate the chromosphere and 
produce the observed continuum emission via radiative backwarming. By contrast, the local 
atmosph ere at the other footp oint had been appreciably heated, producing a high coronal 
pressure jCanfield et al.lll984l) . Electrons would thus be prevented from penetrating into the 
deeper atmosphere. 

Direct evidence for excitation of the deep atmo sphere during a flare comes fro m the 
flare seismic waves ("sunquakes") first observed by iKosovichev & Zharkoval l ll998l) . and 
thereafter in several other flares of M and X class. 




100 Mm [ 



I 



Fig. 3.14 Signatures of SOL2003-10-29T20:49 (XIO.O) filtered in the 5-7 mHz band, ie at frequencies 
above most of the p-mode power Left: intensity; right: "egression power," showing the source of the seis- 
mic waves observed from this flare. The main seismic source is within the area of the large sunspot. From 
iLindsev & Doneal <2008i) . 



These waves refract through layers deep in the convection zone and appear as surface 
ripples, traveling at apparent speeds of only some tens of km s^', far from the flare site. 
Seismic waves have been observed from several flares, but they a re still comparatively rar e 
- most large flares do not produce detectable wave amplitudes ( iDonea & Lindsevll2005l) . 
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Fig. 3.15 Points and gray line show the normalized time variations of the line-of-sight magnetic field mea- 
sured by GONG at a point, during SOL2001-08-25T16:45 (X5.3). The fine is the TRACE 1600 A intensity 
measured co-spatially with the changing magnetic field, to within around 20". The line- of-sight magnetic 
field changes abruptly at the time of the flare impulsive phase (from lSudol & Harvevll200^ . 



However, the energy required to produce the disturbances is found to be small, on the order 
of 10^"* of the total flare energy. The sources of this seismic emission can be located holo- 
graphically (Figure [3. 14b . and a large proportion of the seismic sources are located within the 
penumbrae of sun spots. The sources a ppear to coincide with the HXR footpoints and white- 
light flare kernels l lMartmez-Oliveros et al. 2008), and move with them (Kosovichev 200^. 
They do not appear to b e so strongly associated with the y-ray sources - i.e., the accelerated 
ions ( Kosoviche\jl2007h — but the y-ray imaging is much inferior to the HXR imaging. Flare 
seismic waves may be associated with downwards-moving material in the MDI Doppler 
data. Theory suggests that a shock could be produced by intense heating of the chromo- 
sphere by an electron beam, and initially it was proposed that the waves resulted from this 
shock impacting on the photosphere. However, the momentum required to produce the seis- 
mic disturbance is substantially higher than that observed directly in the plasma downflows, 
and the shock propagation time to the photo sphere is incons istent with observations of the 
seismic pulse onset versus the HXR peak jzharkoval l2008l . and references therein). It is 
also likely that such shocks would be radiatively damped before reaching the chromosphere 
ILindsev & Donea 2008). Thus another method for delivering momentum into the de ep pho - 
tosphere may be required. Proton beams have been proposed jzharkova & ZharkovlbOOTh . 



An alternative view is that the seismic waves are launched by a "jerk" of the mag- 
netic field, caused by field re-organization in the coro na, imparting mome ntum to the ions 
and coUisionally-coupled neutrals at the photosphere jHudson et al.ll200^ . The jerk is the 
Lorentz force imparted at the photosphere and is thus capable of launching an interior 
seismic wave. In the standard reconnection flare model, the perturbation producing the 
jerk would originate in t he corona and propagate as a wave into the photosphere (e.g., 
Ipletcher & Hudsor] 20081). Initial a nalyses cast doubt on the viability of this mechanism 
llMartmez-Olive ros & Doneal l2009h . but it is difficult to disentangle this mechanism and 
the others p ro posed: the origin al idea of a hydrodynamic shock ^Kostiuk & Pikelner 197^; 
iKosovichev & Zharkovalll998h . and the more recent discussion of dire ct photospheric heat- 
ing, e.g., through radiative backwarming (e.g., iLindsev & Doneall2008h . 
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The Lorentz-force jerk is consistent with the non-reversible magnetic field changes in 
the line-of-sight magnetic field observed in many flares. Early ob servations showed perma- 
nent changes in the vector field around the magnetic neutral line dWang et alj[T994l) , m one 
case the observations being separated by only a few minutes before and after the flare. Sim- 
ilar observations for a flare on the limb found variations in the line-of-sight magnetic field 
(i.e., the component tangential to the photosphere for a limb flare), the importance of this 
being that the line- of-sight component does not suffer from the 1 80° directional ambiguity 
of the vector field jCameron & Sammis 1999 ). Further w ork on irreversible changes to the 
line-of sight magnetic field followed using SOHO/MDl llKosovichevI |2006() and they have 
now been confirmed to occur in all large flares, usually close in time to the flare impulsive 
phase (Sudol & Harvev 2005), and close spatially to the HXR footpoint sources. Figure [3T5] 
shows an example of such field changes, the typical magnitude of of which is 100-200 G (or 
on the order of 10% of the photospheric field in the region). In many cases, the field changes 
are also associated wi th visible evolution in the sunspot, particularly to a di sappearance of a 
part of the penumbra ( lAnwar et al.]|l993LIWang et al.ll20()4l : lLiu et al.ll2005h . 

Changes of this magnitude at the photosphere imply that the overlying field undergo- 
ing rearrangement - presumably in the low corona - must be strong, and energy trans- 
ported by magnetic disturbances propagating through the chromosphere to the photosphere 
may be an important component in the flare chromosphere energization ( Emslie & Sturrockl 
Il98l l Fletcher & Hudso 3 l2008l) . An interesting aspect of such observations is that many 
flares show an increase in the observational shear along the magnetic polarity inversion line 
fwang et al. 1994), counter to what would be expected in a scenario in which the active 
region free energy should decrease to power the flare. However, Hinode/SOT observations 
of a flare show that below about 8000 km above the photosphere the shear increases after a 
flare, whereas above this altitude it decreases ( Jing et al. 2008). It is possible that the shear 
increase close to the polarity inversion line is associated with flux emergence, as part of the 
ongoing build-up of magnetic free energy in a repeatedly flaring region. 



3.7 Chromospheric Evaporation 

The arcades of loops characteristic of the gradual phase of solar flares are filled with hot, 
dense plasma, usually interpreted as chromospheric plasma which expands to a new equi- 
librium following chromospheric heating in the impulsive phase. This process is termed 
chromospheric evaporation. It has been studied for almost 40 years, since it was first pro- 
posed to explain the delay betw een the peaks of SXR (gradual) and microwave (impul- 



sive) emissions (lNeuperll[l968h . Latterly, the Neupert effect usually refers to the often- 



observed relationship between time-integrated HXR flux and the SXR flux. The Neupert 
effect gives indirect evidence for chromospheric evaporation; more direct support comes 
from observations of blueshifted emission of high-temperature plasma, often correlated 
with impulsive HXR bursts as discussed further below. Early on, spatially-unresolved 300- 
400 km s^' upflows in resonance lines of Ca XIX and Fe XXV we r e observed using in- 
struments on board the Solar Maximum Mission jPoschek et al.|[l980l : lAntonucci & DennisI 
ll983L IZarroetal.l ll988h. and since then confirmed in spatially-resolved observations with 



SOHO/ CD^ ( e.g.. ICzavkowska et al.lfT999l : iTeriaca et al.ll20q3l:lBrosius & Phimpsll2004l : 



iDel Zanna et al and more recently Hinode/ElS (Milligan 2008). It has also been sug 

gested that the heating of quiescent active-region loops is not actually "coronal heating" at 



Coronal Diagnostic Spectrometer. 
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all, but happens in the chromosphere and stems from the principles of flare-induced chro- 
mospheric evaporation jAschwanden et al]l2007h . 

SXR spectra of flares often show a dominant stationary component as well as the upflow. 
This is a puzzle for evaporation theory in a single loop excitation, but it could be explained 
by a filamentary structure, in which many sub-resolution magnetic loops are activated in suc- 
cession, each having such a small cross-section that it produces undetectably small amounts 
of emission. Emission would then be detected only after some time, when a number of these 
loop s are emitting together, an d the evaporated plasma in each has come to rest at the loop- 
top tooschek & Warreiill2005h . It has also been ar gued that hot dense plasma exists i n the 
flare corona in advance of the flare impulsive phase ( lFeldmarjll99"ol : ICaspi & Li"^ill2010h . It is 
usually assumed that the hot emission comes from the fla re corona, but recently, st ationary 
Fe XXIV emission has been detected at loop footpoints jMilligan & Denni^l2009l) . There 
are also observations which suggest that the upflows do not reach high into the corona, and 
that the coronal d ensity increase occurs as a result of compression (Feldmanetal. 2 0041 : 
ICaspi & Lid[2O10[) . An adiabatic compression would in fact create a negative microwave 
flare in the free-free continuum because the free-free emissivity scales as T^*^^. On the 
contrary, the observations show a good correlation between the radio and X-r ay continuum 
emission measures, so a negative flare is contrary to the observations (e.g., lKundulll965l : 
[Hudson &Ohkill 19721) : see White et al. (in this volume) for more detail. Note t hat negative 
micro wave bursts do occur, but they can be explained by intervening absorptions dCovington 
Il973h . 

Early in the flare the chromosphere is heated rapidly and impulsively, primarily by en- 
ergetic electrons which lose energy coUisionally in the chromosphere. Thermal conduc- 
tion from the corona may also play a role in heating the chromospheric plasma, particu- 
larly in p re-impulsive (Battaglia et al. 2009) or gradual (e.g., Zarro & Lemen 1988) phases. 
iLiu et alJ l2009c[) also suggest that conduction may play an important role in the impulsive 
phase for a flare with a substantial low-energy component. The heated atmosphere can ra- 
diate or conduct away the energy, and can also expand upwards and downwards. Whether 
this evaporation is gentle or explosive depends on the energy deposi tion rate by acceler ated 
electrons as treated in th e 1-D radiation hydrodynamics calculations jpisher et al.ll985^ lbll3: 
lAbbett&Ha^d^l 19991) . For energy input rates of less than ~3 x 10 erg cm s , theory 
suggests that the evaporation is gentle, with upward plasma flows at several tens of kilo- 
meters per second. Gentle evaporation can also be conductively driven. At high non-thermal 
electron rates (> 3 x 10^" erg cm^^ s^'), the chromosphere is unable to radiate at a sufficient 
rate and consequently expands rapidly. This condition is met when the heating time-scale is 
less than the hydrodynamic expansion time-scale: 

Q C.5 

where Q is the flare heating rate per particle, T is the final temperature of the heated plasma, 
Cs is the corresponding sound speed, and Lq is the length-scale of the flaring region. If this 
condition holds, the heated chromospheric plasma expands upward at hundreds of km s^' 
in a process known as "explosive" evaporation. The overpressure of the flare plasma relative 
to the underlying chromosphere causes cooler, more dense material to recoil downward at 
tens of km s^' (known as "chromospheric condensation"). In addition to the magnitude of 
the energy deposition rate. Fisher et al. ( 1985a) also stipulate that the direction of flows in 
the transition region/upper chromosphere determines whether the evaporation is gentle or 
explosive. 
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Fig. 3.16 Left: EIT image of a flare observed by SOHO/EYT showing a loop-like structure and possibly an 
extended EUV ribbon to the west. Right: the event was also observed by RHESSI and the SOHO Coronal 
Diagnostic Spectrometer The RHESSI high energy footpoints (yellow contours) coincide with regions of 
upflow in Fe XIX of formation temperature (logTe = 6.9) , with speeds of up to 150 km^' s^'. This provides 
evidence for explosive evaporation driven by electron heating. 



Explosive Evaporation: Spatially-resolved spectroscopic EUV observations of explosive 
uptiows during the impulsive phase of a flare are relatively rare, since they require the spec- 
trometer slit to be located at the flare footpoints exactly at the time of strong energy deposi- 
tion. However, this was managed in SOL2003-06-10T14:36 (M2.2). SOHOICDS was used 
to detect simultaneous strongl y blueshifted (^250 km s~^) Fe XIX emission (peak forma- 
tion temperature logTg = 6.9: lMazzotta et al.ll998h from footpoints, supportive of explosive 
evap oration, along with we akly redshifted He I (logTe = 4.5) and O V (logTe = 5.4) emis- 
sion jMilligan et alj2006ah . Coordinated RHESSI imaging confirmed that the origin of these 
flows was at the flare HXR footpoints (see, for example, Fig |3.16b . The combination of im- 
ages and spectra from RHESSI also allows estimates to be made of the energy flux contained 
in the non-thermal electrons (in erg cm^^ s^') in order to make a direct comparison with 
the predictions of theory, under the assumption of the coUisional thick-target model. Subject 
to uncertainties in the area of the unresolved HXR footpoints, this event revealed an elec- 
tron energy flux gre ater than 4 x 10^" erg cm^^ s^' in agreement with the predictions of 
lFisheretalJ ( ll985al) . 

Other observations without HXRs have instead used the time deri vative of the GOES 
flux (assuming the N eupert effect) to identify the impulsive phase jTeriaca et al ] l2006l : 
iDel Zarma et al.ll2006[) . Spectroscopy from CDS at high time cadence (10 s) of a "flare-like 
transient" has also been obtained CBrosius & Holmani.2007) . All authors report line profiles 
in hot lines (e.g.. Si XII with peak formation temperature logTg = 6.3, Fe XVI at logTg = 6.4 
and Fe XIX at logTg = 6.9) consistent with upflows on the order of 100-200 km s^' . In the 
transition lines of O V at logTe = 5.4 and He I at logTe = 4.5 downflows of a few tens of 
km s~ ' were most commonly observed, though upflows are also reported Zanna et al.l 
l2006h . Recent observations also confirm the cospatial downflows in Ha spectra and upflows 
in Ca XIX (first observed by iWuelser et al. 1994} of a few kms^' (Teriaca et al. 20(^. 
These can be used to det ermine the expected momentum balance between the evaporated 
and condensing material ( ICanfieldetai]|l987h . 
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Fig. 3.17 Plasma velocity as a function of temperature for each of the five emission lines observed using 
CDS during the impulsive phases of two flares, plotted against their characteristic temperatures. Positive 
velocities indicate downflows (redshifts), while negative values indicate upflows. The data points plotted with 
filled circles denote the case of gentle evaporation, while the open fiiangles illustrate the case of explosive 
evaporation. From iMilligan et aL l i2Q06h) . 



Gentle Evaporation: Plasma flows attributed to gentle evaporation driven by thermal con- 
duction from the overlying hot corona have frequently been observed during the grad- 
ual/decay phase of flares, after the non-thermal beam heating has ceased and upflows are 
sustained by the thermal conduction fronts set up by the steep temperature gradients (e.g., 
ISchmieder et alJl987l : IZarro & Lemenll988l : ICzavkowska etal. 1999, 2001). However, gen- 
tle evaporation due to a weak non-thermal electron flux has only recently be en observed by 
SOHO /CDS in conjunction with RHESSI in SOL2002-07- 15X11:55 (C9.1) jMilligan et alJ 
l2006bh . Doppler shifts of lines formed at a range of temperatures showed upflows of < 100 
km s^' at all temperatures, consistent with gentle evaporation. The upflow velocity of the 
Fe XIX material w as a factor of two high er when the electron energy flux was an order of 
magnitude greater jMilligan et al.ll2006ah (see Figure [TTtI i. The absence of any redshifted 
lines supports the hypothesis that only a large flux of electrons is capable of driving the 
downflows in the transition region and upper chromosphere associated with explosive evap- 
oration. 

The improved spatial, spectral and temporal capabilities of the Extreme Ultraviolet 
Imaging Spectrometer (EIS) onboard Hinode has also been used to stud y chromospheric 
evapo ration using emission lines formed over a broad range of temperatures jMilligan & DenniH 
l2009l) . During the impulsive phase of SOL2007-12-14T14:16 (Cl.l), blueshifted emission 
(coincident with RHESSI HXR emission) was observed in six emission lines (Fe XIV-XXIV) 
formed over the temperature range logTe = 6.3-7.2. These upflows were found to scale with 
temperature over the range 8-18 MK, reaching speeds of >250 km s^' in the Fe XXIV 
line. This dependence on temperature exists as chromospheric material, heated to a range 
of different temperatures by a distribution of electron energies, will be subject to different 
pressure gradients relative to the overlying corona and therefore rise at different rates. A 
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Fig. 3.18 RHESSl hard X-ray images of SOL2()03-1 1-13T05:01 (M1.6) at 12-15 keV integrated over three 
4 s time intervals in sequence. The contours are at 30%, 50%, 70% and 90% of the image maximum. The 
two sources rapidly move from the footpoints toward the looptop. This is consistent with the flows of hot 
plas ma in chromosp heric evaporation, and the Neupert effect is present in this flare as expected (adapted 
from lLiu et alj20O6h . 

new finding was that cospatial material formed at temperatures from logTe = 4.7 — 6.2 was 
redshifted by several tens of km s^' . 

At this time the origin of these higher-temperature downflows is unclear and presents a 
challenge for current evaporation models. They may be related to the spectrum of the elec- 
tron beam, with a soft spectrum resulting in energy deposition higher in the atmosphere (and 
downflowing transition-region plasma) and a hard spectrum resulting in energy deposition 
low in the atmosphere (leading to upflowing transition region plasma). However, a recent 
model by .Liu et a l. ( 2Q09c) suggests that this may be a result of sustained chromospheric 
heating, rather than a single heating burst as is used in most modeling. 

Imaging of Evaporation: Direct imaging observations of the expected fronts of multi- 
million K upfl owing plasma in the act of filling the loops are rat her hard to com e by 
l lDoschek et al.lir996l) . One reported observation with Yohkoh/SXT jSilva et al.lll997h has 
features suggestive of upwards plasma flows at the rather slow speed of around 60 km s^' in 
the impulsive phase. Evidence for evaporative upfl ows has been claimed in RHESSl obser- 
vations of SOL2003-1 1-13X05:01 iUu et al.ll20M) . This event has a pair of footpoint/loop 
leg sources in the range 12 to 30 keV (see Figure [3T8l l. which converge into a single source 
near the center of the loop at a speed of some hundreds of km s^', perhaps as much as 
10^ km s"'. The emission centroids in this event shift systematically toward the footpoints 
with increasing energies up to ~70 keV, and the upward source motion occurs first at low 
energies and progresses to higher energies. The source motion is thus also consistent with 
the behavior expected in a coronal thick target (see Section l4Tl i. This is accompanied by an 
increase in density at the looptop (see also Jin & Ding (2008) who observe the appearance 
of a coronal loop at high energies). 

Finally, a recent observation of a weak B1.7-class flare using RHESSl and Hinode/ElS 
found hot (~2 MK) upfl owing plasma at one footpoint, but hot downflowing plasma at 
the other ( lMilli^l2008l) . whereas both theory and previous observations at lower spatial 
resolution have only shown upflows at this temperature. An interpretation in terms of a 
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siphon-like flow is inconsistent with the apparent filUng of the flare loop observed with 
Hinode/XKT. 



4 Coronal Sources 

The presence of coronal hard X-ray sources was first inferred in disk-occulted events (flares 
with HXR footpoints behind the so lar limb) using data from HXR spectrometers on the 
OSO-5 and OSO-7 satellites, jprost & Dennis 1971; Hudson 1978) The radial height above 
the likely active regions in these cases could be estimated at more than 2 x 10'* km. This 
placed them above t he mean heights of flare SXR sources jCatalano & van Allenlll973l : 
Ivan Beek et al.lfl981 ). Similar HXR so urce altitudes were inferred using observations from 
multiple spacecraft i Kane et al]|l979ah . The earliest HXR imaging (from H inotori) directly 
showed coronal source energies up to at least 25 keV ( lTakakuraetd]|l983h . 

The launch of the Yohkoh satellite led to several further reports of coronal emission. 
Observations of an impulsive, and by implication, non-thermal coronal compon ent, with 
energ ies up to the 33-53 keV band, were first made by using Yohkoh/HXT (Masuda et alj 
Il994h . More Yohkoh/HXT coronal sources were subsequently found, though few with quite 
the same remarkable properties as the "Masuda flare." HXR coronal sources were demon- 
strated to exhibit both gradual and impulsive HXR characters , with the impulsive spikes 
being more energetic and having harder spectra ( lTomczakll200lh . 

The RHESSI observations have substantially added to the literature on coronal HXR 
sources, and it is one area in which RHESSI has made a tremendous impact. This body 
of new observationa l work has recently b een summarized, along with an overview of the 
theoretical ideas, bv iKrucker et al ] (l2008ah . This paper should be consulted for more detail 
on this rich and relatively new field than can be provided below. 



4.1 Thick-target looptop sources 

Coronal densities are generally too low to produce HXR emission efficiently, which is why 

footpoint sources normally dominate the images. The observation of the Masud a source in- 

spired the suggestion that it could be explained b y a partially thick coronal target jWheatland & Melrose! 
Il995h . Subsequent observations with RHESSI l lVeronig & Brownll2004h uncovered a new 
type of coronal HXR emission embedded in coronal loops, rather than "above the loop top" 
as in the Masuda source. Several events could be interpreted as "coronal thick target" sources 
(Figure l4Tb . identifiable by their lack of compact footpoint HXR sources. In the first case, 
SOL2002-04-15T00:15 (M3.7), the spectrum observed with RHESSI was rather steep (y > 
6) and the column density N/oop, estimated using GOES, was high {Nioop > 10^" cm^^), 
leading to the interpretation that plasma in the corona was dense enough to act as a thick 
target. This can happen when the stopping energy Ejggp = y/3KN w 8.8\/A?i9 keV is greater 
than the energy of an electron, where Nig is the column density in lO'^ cm^. A 25 keV 
electron has a range (stopping column density) of about 10 cm" 2 ( |Brownlll973h . In the 
Veronig-Brown flare such a column density appears already to have been present within the 
loop at the onset of the flare, and during the flare it increased to several times 10^° cm^^ 
which allowed electrons up to 50 keV to be fully stopped. 

A high pre-flare coronal density is puzzling, because if the material is at coronal tem- 
peratures and static, the resulting high equilibrium pressure will make it a bright X-ray 
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Fig. 4.1 R HESSI images of a thick-target looptop source in SOL2002-04-15T00:15 (M3.7) 
iVeronig & B rown 2004): images 6-12 keV, contours 25-50 keV with minimum level 0.17 times the max- 
imum in each frame. The HXR contours show little evidence for footpoint brightening. 



source. This consideration would not apply to a prominence or a loop structure at interme- 
diate temperatures. Having a high density at the start of a flare is also a difficult problem 
for the standard flare model, which envisions the opening of the field prior to the reconnec- 
tion. An earlier flare in the same region could create an enhanced coronal c olumn density 
by evaporation in a loop that subsequently flares again iVeronig et al]|2005l) . or, similarly, 
slow pre-flare heating could lead to evaporation into a system which then becomes unstable. 
However, at least in the standard 2-D scenario, electrons would propagate down a different 
set of field lines from the closed, post-reconnection loops onto which the plasma has already 
evaporated, precluding the scenario in which energetic electrons are accelerated onto dense 
loops as a result of subsequent reconnection. A more complicated magnetic geometry or a 
less direct link between reconnection and acceleration is needed. 

The SOL2002-04-15T00:15 (M3.7) "coronal thick target" event could also be observed 
via Nobeya ma microwave imaging at 17 GHz. These data include a circularly polarized 
component ( IVeronig et al.l2005l;lBone et al |2007|) . establishing the presence of non-thermal 
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Fig. 4.2 RHESSI soft X-ray observations iLiu et al] I2008hl) of a double coronal SXR configuration in 
SOL2002-04-30T08:2 2 (Ml. 3) suggesting the presence of a cun'ent sheet, as originally discovered by 
ISui & HolmanI i2003ll . The separation between coronal and loop-top sources decreases as a function of pho- 
ton energy. The separation between the 16-19 keV source centroids (+ signs) was found to be 4.6 ± 0.3" in 
this case. 



electrons, visible in the whole loop through unpolarized thermal emission and consistent 
with the high density needed for the coronal thick target ( iBone et aL 1[2003). A rather non- 
standard explanation is that the previously flaring dense loops cou ld become unstable due to 
a high-beta instability resulting in a second flare ( IShibasaldll200ll) . 

The idea of a coronal thick target might extend to a seemingly separate class of events, 
namely the "soft-hard-harder" coronal HXR sources discussed below in Section |43] This 
possibility might require the stable trapping of high-energy electrons in a theoretically un- 
stable loss-cone distribution ("Wentzel" 1976). Other than high density and magnetic trapping, 
turbulence or plasma waves (e.g., Benz 1977; Miller et al. 1996; Petrosian & Liu 2004), gen- 
erated as a consequence of magnetic reconnection, provide an alternative mechanism that 
could accelerate electrons and, at the same time, confine them to the region near the looptop. 



4.2 X-ray observations suggesting coronal current sheets 

RHESSI observations revealed the existence of double coronal X-ray sources, interpreted in 
terms of the current sheet expected in the large-scale reconnection model. 

In a series of flares that occurred during April 2002, a cor onal X-ray source was observed 
above the flare loops and was detectable to about 20 keV dSui & HolmanI [20031 ; ISui et alj 
l2004h. This source was initially stationary before moving outwards at around 300 km s 



dSui & Ho lman 2003). RHESSI images typically show a height dependence on energy in the 
flare loops, with the higher energy X-ray sources located above the lower energy sources, 
whereas here the lower-energy sources are located above the higher-energy sources (e.g.. 
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Fig. 4.3 Height above the limb of the centroids for the upper and lower coronal sources in SOL2002-04- 
30T08:22 (Ml. 3) plotted as a function of energy for four consecutive tim e intervals. N ote the reversal of the 
trend from low-energy thermal to high-energy non-thermal regime (from lLiu et al.l2008bi) . 

Figure l4!2l i. These observations matched the theoretical expectations for signatures of a cur- 
rent sheet formed between the top of the flare loops and the coronal source, although the 
velocity of the coronal source may be somewhat too low to be consistent with Alfvenic 
ejection speeds from the upper end of a large-scale current sheet (the same comment applies 
to the speed of supra-arcade downflows). For one of these events EUV spectroscopic ob- 
servations were available which showed high-speed, high-temperature plasma flows near 
the inferred curre nt sheet; these observations were interpreted as reconnection outflows 
iWana et al."200'/). Similar but less prominent double coronal X-ray sources were reported 
by Vergnig et al. (2006) in SOL2003- 11-0X309:55 (X3.9) and by Li & Gan (2007) in the 
occulted flare SOL2002-11-02T06:07 (C3.9). 

Imaging spectroscopy of a double coronal source was carried out for SOL2002-04- 
30T08:22 (Ml. 3) (Figure |43J see Liu et al. 2004). The HXR footpoints were occulted 
by the limb, and this facilitated imaging the otherwise relatively faint coronal sources at 
energies up to ~40 keV. The two coronal sources, both visible for about 12 minutes, had 
similar light curves and power-law spectra above ~20 keV, suggesting production by similar 
populations of non-thermal electrons possibly energized by a common acceleration mecha- 
nism. At low energies (<20 keV), both sources were dominated by thermal emission, and 
the lower coronal source had a larger emission measure but a lower temperature, suggest- 
ing that the different magnetic connectivity above and below the current sheet could lead to 
different plasma dens ities. In addition, the trend of the energy-dependent source structure 
( ISui&Holm^l2003h visible at thermal energies showed a reversal above ~25 keV (see 
Figure |43j, with the two sources being further away from each other at higher, non-thermal 
energies. A possible explanation is the larger stopping distances, from the acceleration site, 
of the higher energy electrons. The above two properties were also found in SOL2003-04- 
24T15:53 (C8.2) (Liu et al. 2009; see their Figure 5). 
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4.3 Early-phase coronal sources 

In its first y-ray flare, SOL2002-07-23T00:35 (X4.8), RHESSI also discovered a remarkable 
new type of coronal HXR source. T he observations showed a corona l HXR predecessor to 
the main impulsive phase of a flare ( iLin et aD l2003l : lAsai et al.ll200^ . The HXR spectrum 
of these early coronal sources extends directly down to low energies (<10 keV) with power- 
law indices of around 5, but the spectra also show the characteristic Fe emission feature at 
6.7 keV (e.g.. |Phillipsll2004h . est ablishing that some high-temperature background plasma 
also exists in (or near) the source dCaspi & LirJl2010l) . While the time evolution of the ther- 
mal component is gradual, the emission at higher energies shows time variations of tens of 
seconds' duration suggesting that the two components are produced by different emission 
mechanisms. X-ray spectral fitting of the high energy component shows that either a non- 
thermal model (i.e., broken power-law spectrum) or a multi-thermal model (temperatures 
up to ~10 MK are neede d) can represent the spectra well. Ho wever the microwa ve ob- 
servations jAsai et al ] l200d ) favor the non-thermal alternative (see lwhite et til.ll201lh . This 
interpretation suggests strong coronal magnetic fields (around 200 G) at relatively high alti- 
tudes (> 2 X 10"^ km). 

Despite the ambiguous continuum models, the Fe and Fe/Ni line emission can also be 
used to constrain the thermal plasma parameters. During the impulsive and decay phases of 
the flare, the fluxes of the two line complexes and their ratio are correlated with the con- 
tinuum temperature; by assuming that the same relationship holds during this pre-impulsive 
phase, the observed line fluxes and ratio (which can be accurately measured by RHESSI) 
thus provide upper and lower limits on the temperature and emission measure of the ther- 
mal plasma. During the peak of the pre-impulsive phase, the line observations constrain the 
thermal component temperature to be between ~29 and ~37 MK; a cooler component with 
temperature between ~21 and ~18 MK (respectively) is also required to fit the SXR spec- 
trum. Consequently, the low-ene rgy cutoff of the no n-thermal electrons is at least as low as 
~20 and ~27 keV, respectively jCaspi & Lirj|2010l) . 

Strong coronal magnetic fields are also supported by observations of the thermal plasma 
later in the flare. At the time of peak temperature of SOL2002-07-23T00:35 (X4.8), the ther- 
mal energy density of the super-hot component (T >50 MK) was ~4800 erg cm^, suggesting 
a coronal field strength exceeding ~350 G to contain it. We note that a survey of 37 M- and 
X-class flares shows that strong coronal fields (>200 G) are required in all X-class flares, 
which were also invariably super-hot ( Casoi 2010) in nature. All three HXR-dominated pre- 
impulsive sources observed by RHESSI were X-class flares, and this suggests an intimate 
link between the existence of super-hot plasma, strong coronal fields, and the existence of 
such pre-impulsive HXR sources. 



4.4 High coronal sources 

For flares occurring more than about 20° behind the solar limb, the occultation should nor- 
mally be deep enough to h ide not only the footpoint sources, but also the main flare loops as 
well (e.g. jTorncz akl l200lh . This opens the possibility of observing emissions from the high 
corona (~200 Mm above flare sit e), and in fact the early non-imaging observations showe d 
that such events really do happen ( iFrost & Dennislll97ll ; lHudsorjll978l ; llfadson et al.ll983) . 
if rarely. HXR emissions from a flare occulted by 40° as seen from Earth, co rresponding 
to an occultation height of roughly a third of a solar radius, have been reported jKane et al] 
Il992h . Despite this large occultation height, HXR emissions were observed up to 80 keV, 
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with a rather hard spectrum (y < 3.5). Another high coronal event observed by Yohkoh 
llHudson etal.l200lh revealed rapid outward source motions with accompanying microwave 
emission. The event morphology suggested filament eru ption and and CM E occurrence. An 
early HXR stereo observation using multiple spacecraft jKane et al]|l979ah showed that the 
HXR emissions from the high corona can occur during the impulsive phase of the flare si- 
multaneously with the HXR footpoint emissions, and the source size might at the same time 

be large (of order 200" )• 

The RHESSI observations jKrucker et al.ll2007h of high coronal events all tend to have 
similar time profiles. They show a fast rise and a slower exponential decay, as illustrated in 
Figure l4~4l The exponential decay is surprisingly constant, lasting sometimes several min- 
utes without significant deviation, and the photon spe ctrum exhibits progressive spectral 
hardening (hence the "soft-hard-harder" morphology - ICliver et"aDll986l : lKiplingenll995l : 
iGrigis & Ben3l2008l) . The decay suggests that coUisional losses - without further accelera- 
tion - dominate. Density estimates of the ambient plasma support this; these allow estimates 
of coUisional loss timescales of 25 keV electrons comparable with those measured. While 
the flare-accelerated electrons in the high cor ona are only a srn all fraction (0.1%) of the total 
number of accelerated electrons in the flare jKane et al.lll"992h . the relative number of ener- 
getic electrons (>10 keV) in the high coronal source may be of order 10% of the thermal 
electrons. 



4.5 Gradual late-phase sources 

Gradual late-phase sources are characterized by flat HXR spectra (power-law index y w 2), 
gradual time profiles, low microwave peak frequencies, anomalously weak SXR emission, 
and association with coronal radio bursts. The prototype event SOL1969-03-30T02:47 
( lFrost&Dennislll97lh occurred in an a ctive region known circumstantially to have been 
some distance behind the solar limb ( Pal mer & Smerdll972h so that the HXRs visible from 
the Earth-orbiting OSO-5 spacecraft probably originated from relatively high in the corona. 

A " soft-hard-harder" pattern of spectra l evolution characteriz es many long-duration HXR 

events deliver et alJI 19861 : iKipUiigeJl 19951 : [Origis & Ben j|2008l) . This pattern diffe rs from 

the otherwise ubiquitous "soft-hard-soft" pattern associated with the impulsive phase jParks & WinckleJ 
[i969; Hudson & Farni'k 2002; Grigis & Benz 2004). From a non-imaging perspective, the 
HXR spectrum of such a source consists of a gradual, continuously hardening component 
plus a series of spikes with soft-hard-soft evolution. Often these spikes become more grad- 
ual as the event develops ( Saldanha et al. 2008); see also the early non-imaging observations 
from the TD-IA spacecraft dHovng et al.lll97Q) . Figure l43] illustrates this. 

The physics of the gradual-phase coronal HXR sources with their "soft-hard-harder" 
temporal development remains to be worked out. There is every reason at present to sup- 
pose that the observed spectral flattenings and exponential-law time decays can be explained 
by some combination of trapping and collisions, but important theoretical work involving 
wave-particle interactions, specifically loss-cone instabilities, and large-scale magnetic re- 
structurings remains to be done. A possibly interesting theoretical aspect of these sources is 
the idea that the n on-thermal particles could dominate the background plasma component 
energetically (e.g., [Hudson et ani200lh . 

Because of their long duration, a thin-target explanation might be imagined, such that 
the HXR emissi on would come predominantly from a coronal trap. However it now appears 
dOiu et all2004i) that these late sources emit hard X-rays mainly from footpoints, at least at 
energies below 100 keV, as with ordinary flare loops. 
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Fig. 4.4 Upper: RH ESSI hard X-ray observations at 12-15 keV (red) and >250 keV (blue) from SOL2005- 
01-20707:01 (X7.1) jKrucker et aU lToOSa). showing a strong high -energy coronal hard X-ray source. The 
background TRACE image shows the flare ribbons as observed in the UV by TRACE, and the contour levels 
are at 30-90% of the image maxima. Lower: at left, the light curves, with GOES soft X-rays at the top and 
RHESSI hard X-rays at the bottom. The latter show three points in the time histories of the looptop and 
footpoint sources at >250 keV. while the full curve shows the total. The footpoints decay more rapidly. The 
plot at lower right shows the decay time as a function of photon energy. 



4.6 Looptop source motions 



Upwards: A flare arcade gradually develops to larger and larger scales with time, a pro- 
cess which has long been observed in chromospheric emission lines such as Ha and in 
SXRs. RHESSI observes this phenomenon in a different manner because of its uniquely 
sensitive imaging spectroscopy in the 3-20 keV range. Figure l4~6l sh ows this graphically fo r 



one of the first X-class lo ng-duration flares observed by RHESSI i Gallagher et al.ll200a) . 
The "shrinkage" expected ( l§vestka et al.ll987l : lForbes & Actonlll99q) from the standard re- 
connection model is clearly visible, in the sense that the higher-energy (higher-temperature) 
X-ray sources, identifiable with loop tops, lie systematically at higher altitudes than the EUV 
sources that they presumably evolve into. 

Downwards: Observations of hot flare loops made by RHESSI in X-rays show that in many 
cases the loops contract downward during the early, most explosive part of the flare before 
the apparent outward expansion is observed. The downward motion of the X-ray loop-top 
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Fig. 4.5 Recent illustration of the soft-hard-harder s pectral evolution in the late phase of SOL2005-01- 
19T08:22 (XI. 3) (adapted from ISaldanha et alj|2003) . Note the anticoirelation between HXR flux (upper, 
blue line; the red line shows the GOES SXR flux) and HXR spectral index (lower) at the beginning of the 
event, during the more impulsive variations. Towards the end the variability has longer time scales and the 
spectral index systematically diminishes (gradual hardening). 



centroid early in the impulsive phase of solar flares has only recently been recognized. This 
new observation may have been missed with the Yohkoh observations because of coverage 
biases induced by the operation of its flare mode, which only initiated hard X-ray spec- 
tral observations at a soft X-ray flux level typically corresponding to a low C-class flare. 
The first reported observation, during the rising phase of SOL2002-04-15T0 0:15 (M3.7 ), 
showed shrinking of the underlying HXR flaring loop at ~9 km s~ '(Sui & Holman 2003h. 
Several further reported events confi rm this pattern (e.g.. iLiu et al.ij2004 ; iSui et aLi2004l : 
IVeronig et al]|2006l : Ijoshi et alj|2007t) . 

In all events, the looptop sources of the flares at higher X-ray energy bands were located 
at higher altitudes and showed higher d ownward velocities than at lower energies. For exam- 
ple, in SOL2003-11-03T09:55 (X3.9) iUu et al . 2004; Veronig et al. 2006) the mean down- 
ward velocities range from 45 km s^' in the 25-30 keV band to 14 km s^' in the RHESSI 
10-15 keV band, and in SXR observations from the GOES Soft X-ray Ima ger (SXI) the 
loopt op altitude decreased at 12 km s^', in agreement with the general trend I Veronig et alJ 
l2006h . This trend of lower speed at lower energies is also carried through th e wavelength 
range to loops that are both shrinking and cooling, visible in EUV and Ha dVrsnak et alj 
l2006h . An interesting phenomenon that follows the energy-dependent looptop source veloc- 
ity is the anti-correlation between the HXR flux and the separation between emission cen- 
troids of the looptop sources at different energies as shown in Figure |4j](Liu etal. 20q1 
l2008bi) . This has been interpreted as the looptop source being more spatially homogeneous 
during the HXR peaks, as a consequence of the rapid energy release. It is now known that 
the early downwards motion of coronal HXR sources is a common characteristic of flares. 

The explanation for the converging motion of conjugate footpoints and the simultane- 
ous descending of looptop sources is still in a preliminary stage of development. As a basic 
consequence of the extraction of excess energy from the magnetic field the contr action of 
flaring loops at the initial phase of solar flares should occur as an "implosion" jHudsonl 
bOOd - IJanse & LowlbOOTljLiu et al.ll2009cJ) , a process consistent with the observations men- 
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Fig. 4.6 Observation s of SOL2002-04-21T01:51 (XI. 5), an event at the extreme W limb (adapted from 
[Gallagher et alj2002l) . The plot shows apparent altitude above the solar limb as a function of time for features 
seen in RHESSI and TRACE images. The slower motions ai'e related to the growth of the arcade, and the 
RHESSl data clearly sho w higher temperatures at larger altitudes. The rapid motions at the beginning are 
associated with the CME iGallagher et al.l2003l) . 



tioned in the previous paragrapli (see also Section [34l l. In the framework of a reconnection 
model with sheared magnetic field lines, the contraction might be caused by the relaxation of 
highly sheared magnetic field after magnetic reconnection. In a force-free arcade in which 
the magnetic field strength decreases exponentially with height, the dissipation of magnetic 
energy in a flaring region could lead to a decrease in the scale height of the magnetic field 
and thus a shortening of the field lines (iJi et al..2007.) . Therefore, in the initial phase of flares, 
the contraction caused by the relaxation of highly-sheared core magnetic field may dominate 
over the apparent expansion of the hot loops which occurs as a result of reconnection taking 
place at higher and higher altitudes. In such a case it is interesting to note that the remaining 
shear may indicate stresses in the field remaining even after the flare has occurred. 



5 Flare relationships to coronal mass ejections, dimmings, and particles 

5.1 Overview 

The large-scale behavior of the solar corona during a flare or CME disruption has many 
observational consequences. Traditionally the corona itself has only been observable as 
Thomson-scattered photospheric light, but well above the photosphere so as to avoid its 
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Fig. 4.7 Looptop and footpoint source motions in SOL2003-1 1-03T()9:55 (X3.9) and the energy-dependent 
source structure, (a) RHESSI light curves, (h) Projected height of the looptop centroid (right scale) and the 
separation of the two footpoints (left scale), which both increase at comparable speeds. Note the early down- 
ward looptop motion, (c) Velocity of the looptop at 15-19 keV, with the values smoothed over 1-minute inter- 
vals shown as the dark line. The red curve here and in panel d is the logarithm of the 100-300 keV count rate 
(right scale), (d) Separation of the looptop cen troids at 19-24 keV and 9-12 keV, which is in anti-correlation 
with the HXR count rate (from lLiu et alj2004h . 

glare. Thus most of the low corona, with high density and strong magnetic field, was unob- 
servable. Now with SXR and EUV imaging one can study essentially the same structures 
via these thermal emissions (adding to what one can learn from radio techniques; see White 
et al. 2011, for further information). 

A flare and/or CME disrupts the coronal structure in ways that are not completely clear 
yet, and in the process of this large-scale dynamics there is powerful particle acceleration. It 
is impossible in this short review to do justice to the vast number of studies of CMEs both 
at the Sun and in interplanetary space, and so we focus here on how the flare, the CME and 
the related particle acceleration fit together obser vationally, a process sometimes likened to 
the fa ble of the blind man and the elephant (e.g.. [Hudson & Clive j|200ll : ICliver & HudsonI 
|2002| . where much more extensive and amusing reviews of the flare/CME relationship can 
also be found). 

A flare/CME event marks the conversion of stored magnetic energy into various other 
forms that propagate through the solar atmosphere and into interplanetary space. Tra dition- 
ally t he brightening is associated with the "flare" and the motions with the "CME' ' dClivej 
Il995h . but the physics of either phenomenon seems to require both motions and brighten- 
ings. Ultimately, all of the energy extracted from the magnetic field appears either as energy 
associated with the CME, or as enhanced radiative output of the Sun. The dominant term 
of the C ME energy appears to be its kinetic energy, which can be estimated from LASCO 
images dVourlidas etal]|200(]h . The dominant energy product of a flare, of course, is the 
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Fig. S.l A combined RHESSIISTEREO image of SOL2007-12-31T01 : 1 1 (C8.3). It is composed of a differ- 
ence image of the solar disk and inner corona, which illustrates well the loss of coronal plasma referred to 
as the "dimming," RHESSI sources (red and blue contours) and the CME bright front, dark following cavity 
and inner bright core. As is apparent, a CME is a very much more spatially extensive phenomenon than is the 
flare (image courtesy S. Krucker). 



transient excess it makes in the solar luminosity. We discuss this in detail in Section 16.21 
One immediately evident property of the flare/CME combination is the comparative sizes of 
the flaring region and the associated CME, illustrated quite startlingly in Figure [STl 



5.2 Flare energy release and CME dynamics 

From reconnection models it is supposed that the CME kinematics and the energy release 
of the associated flare are closely related. The degree of association between flares and 
CMEs had always been problematic, largely because of the poor coverage of the low corona 
provided by coronagraphs. Almost half of the CMEs, for example, originate on the far side 
of the Sun, for which no low-coronal observations had been available until the advent of 
STEREO. Nevertheless the X-ray observations of coronal dimmin gs (Hudson etal. 199^ 
and EUV observations of compact CME sources lOere et alJil997al) had made it clear that 
there was often a very tight relationship between flares and CMEs. 
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Fig. 5.2 Flare HXR flux (RHESSI 30-100 keV) and CME acceleration profile derived from GOES/SXl SXR 
images a nd SOHO/LASCO c oronagraph images for SOL2005-01-17T09:52 (X3.8). Note the close synchro- 
nization iTemmer et alj200a) . 

Further studies revealed a close correlation between the CME accelera tion and the 
derivative of the flare SXR flux , taken as a proxy for the flare energy release dzhang et alj 
l200ll . l2004l :l Maricic et aD l2007l) . For some well-observed CME/flare events, further direct 
evidence was recently provided showing a very close synchronization between the CME 
acceleration and the RHESSI HXR flux. For example, in t he SOL2005-01-17T 09:52 (X3.8) 
flare/CME event and in SOL2006-07-06T08:36 (M2.5) jXemmer et aDl2008II the use of 
GOES/SXl and TRACE running difference images showed that the CME impulsive acceler- 
ation in the low corona and the flare energy release (deduced from the RHESSI HXR flux) 
are closely synchronized, and peak simultaneously within ±3 min, i.e., within the CME 
measurement uncertainties (see Figure [5^ . Such correlations provide strong evidence that 
the CME large-scale acceleration and the flare particle acceleration are intimately connected 
phenomena, reflecting the rapid extraction of energy from the reconfiguring field both below 
and above the coronal reconnection region. The effect of the magnetic boundary conditions 
(i.e., with field being line-tied to the photosphere below the coronal reconnection region, 
and able to expand relatively freely above) obviously has a substantial impact on the ener- 
getically dominant terms in the flare versus the CME. 



5.3 Large-scale waves 

The restructuring of the large-scale coronal magnetic field implicit in a flare and a CME can 
be considered as a magnetic impulse, and the magnetic field that permeates the surrounding 
corona and deeper atmosphere guarantees that large-scale waves will ripple away from the 
site (for a recent review of coronal waves se cVrsnak & Cliver 2008) . Because of dispersion, 
any of the global waves will shock and dissipate their energy in non-thermal effects, such as 
the acceleration of few-keV electrons in a radio type II burst. The waves may contain large 
energies, as discussed in Section [63] In general an analysis of the structure and timing of 
these waves may provide key clues to the nature of the energy release by helping to define 
its geometry. 



Observational Overview 



59 



The existence of large-scale coronal shock waves has in fact be en known since t he early 
interpretation of the "slow drift" or metric type II radio bursts (e.g. Jwild et al.|[l963h . These 
were then linked to the Moreton waves, which are observed in chromospheric Ha signature s 
l lAthav & Moreton|[l9 61), by the theory of a weak fast-mode MHD shock (' Uchidaill974l) . 
Figure l53] shows a well-observed example of a Moreton wave, which typically travels across 
the chromosphere at 1000 km s^'. Even before this time "flare ejecta" or "driver gas," now 
known as an ICME (for Interplanetary CME), had been identified as the cause of the "storm 
sudden commencement" geomagnetic effect. This is the abrupt onset of a magnetic storm 
resulting from the compress ive interaction of an interplanetary shock wave driven by what 
we now term an ICME (e.g..'Caroubalos"l 964) with the magnetosphere Now in addition to 
this well-known coronal and chromosp heric evidence of large-scale waves, we can add the 
"EIT wave" observations dMoses et al.lil997l ; lThompson et al.lll998h . These EUV perturba- 
tions take the form of an expanding wave front most clearly visible in difference images. In 
a small subset of the EIT waves one can make an identification with the Mor eton wave/type 
II phe nomenon, but for the most part they have clearly different properties ( Biesecker et al.l 
l2002h . Their interpretation in terms of X-ray, EUV or white light dimming (or depletion) 
(e.g., iHudson et al.l [T99^: ISterling & Hud 1^ fl997h is complicated because of the temper- 
ature sensitivity of the EIT response. The EIT signature is presumably a mixture of true 
depletion, simple waves, and large-scale restructurings of the field as required by the CME. 
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Fig. 5.3 Moreton wave observed in Ha at Sacramento Peak in SOL2006-12-06T18:47 (X6.5). Courtesy K. S. 
Balasubramaniam. 

The similarity of the radio signatures (metric type II for the flare-associated wave, 
and interplanetary ty pe II for the CME-driven wave) have led to much recent discussion 
(see IPick et al.ll200a . for a recent comprehensive survey) regarding the distinction, if any, 
between the meter- wave and the interplanetary shock signatures. The radio spectrograms 
at long and short wavelengths each have complex signatures, and have been trad itionally 
made in disjoint spectral bands. It has thus been common (e.g.. lCliver et al.|[2004l) to spec- 
ulate that a common mechanism, specifically the CME bow wave, could explain all of 
the large-scale wave observations. Indeed, the coronagraphic observ ations sho w image ev- 
idence, in many cases, for C ME-driven shocks in the middle corona dVourlidas et al. 20031 : 
lOntiveros & VourUdasllIoO^ . However there is no clear evidence for continuity in the ra- 
dio signatures, using new observations in the 1-14 MHz range that separates the traditional 
ground-based and interplanetary observations (Cane & Erickson 2005). The distinction be- 
tween a flare origin and a CME origin has also become more difficult to make now that im- 
proved data have established tighter relationships between flares and CMEs in both point of 
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Fig. 5.4 Model variation of Alfven speed with height in the corona, showing the local minimum above an 
active region (Mann et al. 2003). Here the dotted line shows the quiet Sun, modeled as a simple dipole at Sun 
center, and the active region as a vertical dipole near the surface. The solid and dashed lines show the cases 
where these two components have parallel or antiparallel radial contributions. 

origin and timing (see Figure The coronagraph data show the importance of the flanks 
of the CME-driven wave, both directly and also indirectly via the excitation of streamers 
that the flanks intersect . SXR observations may show the earlies t signatures of the large- 
scale wave disturbance jKhan & Aurassll2002l : lHirdson et al.ll2003h . 



5.4 Solar Energetic Particles and particle acceleration 

Shock waves can be efficient accelerators of high-energy particles, and there is clear (though 
indirect) evidence for shock acceleration of SEPs (e.g.. lReameslll999h . Indeed, the energy 
ending up in energetic particles can be a substantial fraction of the CME kinetic energy (see 
Section l631 ). The shock ac celeration of SEPs probably takes place at some distance from the 
event origin ( lKahleilll994h . This would be consistent with the idea that the shock condition 
does not develop immediately, presuming that larger Mach numbers correspond to more 
efficient accelerati on. The existence of a minimum in the Alfven speed in the middle corona 
jMann et al .12003 1 allows the CME-driven disturbance to attain a higher Mach number even 
as its absolute speed may be constant or eve n decreasing. Figure IS^ shows a model view of 
the coronal Alfven speed ( iMann et al.ll2003h . 

A more directly flare-related acceleration of SEP ions may also occur, and the fact that 
SEP occurrence is strongly associated with a "soft-hard-harder" spectral evolution (Kiplinged 
ll995l : lGravson etal.ll2009h may support this more direct connection. Solar electron events 
detected in interplanetary space have a strong association with metric-decimetric type III 
bursts (e.g., Lin 1970). Here the starting frequency of the radio emission, taken to be the 
plasma frequency or its first harmonic, points to relatively high densities (the lower corona) 
consistent with a process physically close to the flare site. 
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6 Physical properties of flares 

6.1 X-ray spectroscopy 

The emission spectra of flares, especially in the SXR range, convey the most direct infor- 
mation obtainable by remote sensing of the flaring coronal plasmas. RHESSI touches on 
this domain via its capability for measuring the thermal free-free and free-bound continua, 
as well as to detect the K-shell emission lines of highly ionized Fe around 6.7 keV. These 
spectral features appear commonly in a wide variety of astrophysical sources, such as active 
galactic nuclei, stellar flares, and supernova remnants. The parameters thus available include 
the electron temperature T^, the emission measure n^iiiV, and information about elemental 
abundances given adequate models of the plasma physics and the atomic physics. RHESSI 
data, for example, can determine the abundance ratio Fe/H from the equivalent width of the 
Fe-line feature at ~6.7 keV (a measure of the ratio of the Fe-line flux to the continuum flux 
at the Fe-line energy). Note that the Fe featu re actually consists of many lines in the K-shell 
energy range, as described by Phillip^ ( l2004l) . The solar Fe K-shell spectral feature typically 
does not exhibit the ~6.4 keV emission of Fe in low ionization states. This is commonly 
observed elsewhere in the Universe, for example, in reflection spectra from accretion disks, 
but is largely absent in the solar spectra (in favor of the ~6.7 keV emission band due to 
high-temperature plasmas). 

Thermal continua observed by RHESSI: The flare thermal spectrum observed by RHESSI 
in the ~3-20 keV energy range consists of free-free (bremsstrahlung) and free-bound (re- 
combination) continuum emission. The contributions made by these continua vary with 
energy and Tg. In general, thermal free-free radiation is predominant at lower energies and 
higher temperatures, as was evident in early calculations ( Culh anell969l ; lGronenschild & Mew3 
[l978i) . Newer c ontinuum calculat i ons are included in the Chianti atomic database and soft- 
ware package ( lDereetal.|[l997bl : I Young et al.ll2003h . but the dependence on energy and 
temperature is nearly the same as the earlier work. There is now, however, the recognition 
that the abundances of some elements important for free-bound emission are enhanced in 
the corona, giving rise to enhanced free-bound emission. For flare temperatures between 10 
and 20 MK and with coronal element abundances, the cross-over energy where free-free and 
free-bound continua fluxes are equal is at the lower end of th e range that RHESS I observes, 
so both free-free and free-bound continua are important (e.g.. lWhite et al.l2005bh . (The two- 
photon continuum, due to the de-excitation of metastable levels in H-like and He-like ions, 
is much less important.) 

The Fe-line and Fe/Ni-line features observed by RHESSI: As well as the continuous 
emission, RHESSI observes two line features at ^6.7 keV and ~8 keV, known as the Fe- 
line and Fe/Ni-line complexes. They are composed of numerous individual spectral lines 
emitted mainly by He-like Fe XXV ions and dielectronic satellite lines emitted by mainly 
Li-like Fe XXIV and lower Fe ions, with a small contribution from highly ionized Ni lines to 
the ~8 keV feature. In coronal ionization equilibrium, these ions are expected to be abundant 
at temperatures above ~10 MK, and in confirmation of this, the Fe-line feature is evident 
in RHESSI spectra with Te>\0 MK. Both line features are conspicuous for > 20 MK. 
The spectral resolution of the RHESSI detectors at these energies is ~1 keV FWHM, which 
is insufficient for resolving the line structure of the Fe-line and Fe/Ni-line features. Never- 
theless, RHESSI has the advantages of covering a much broader energy range than previous 
high-resolution crystal spectrometers (which have only covered the immediate vicinity of 
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the ~6.7 keV lines) and by directly observing the continuum - some crystal spectrometers 
have had a strong background due to crystal fluorescence, which can obscure the true flare 
continuum. A valuable diagnostic mea ns for studying the hot component of the solar flare 
plasma is thus available ( |Phillipsll2004h . 

Temperature, line equivalent width and abundance analysis has been carried out for 
SXRs (>5 keV) spe ctra taken during 27 flares observed by RHESSI, with GOES class 
between C3 and X8 ( |Phillipsetal] |2006'). The measured spectra were fitted with model 
spectra consisting of a continuum (isothermal free-free plus free-bound emission) and lines 
at ~6.7 keV to characterize the Fe-line feature and at ~8 keV for the Fe/Ni-line feature. 
Figure |6T| shows an example of this during SOL2003-04-26T03:06 (M2.1), at a time when 
RHESSI was in its single-at tenuator statg'^ | . Th e temperatures Te in this analysis ranges 



between 1 1 MK and 29 MK jPhillips et alKOOd) . 



The equivalent widths of the Fe-line and Fe/Ni-line features were also derived. Many 
flares had were long enough to allow repeated measurements of particularly the Fe-line 
equivalent width, mostly during the flare decay phase. All the measurements were made 
with the thin RHESSI attenuator in place. An example of measured equivalent width vari- 
ations during SOL2002-05-31T00:16 (M2.4) is shown in Figure l6!2l Similar calculations 
were done for the ~8 keV Fe/Ni-line feature. Both are based on a coronal Fe/H abundance 
ratio of 1.26 x 10^** CFeldman & Laming 2000). or 4 times the photospheric value. These 
are compared with theoretical calculations of the equivalent width vs. temperature. There 
is a general agreement in the trend for both the Fe-line and Fe/Ni-line equivalent widths. 
This indicates that the coronal Fe abundance is appropriate for this flare, though there is 
a systematic displacement of the points towards higher temperatures. This may be due to 
the multithermal nature of the flare plasma, or to the presence of non-thermal effects, or to 
instrumental effects at high photon count rates. They may also be due to incorrect atomic 
rates used in the calculation of the He-like Fe XXV ion fractions in ionization equilibrium 
calculations, since for most of the temperature range shown the fraction of Fe XXV ions is 
small (<0.3) where the uncertainties are greatest. 

The measured Fe/H ratios for up to 22 of the 27 flares when in the first RHESSI attenua- 
tor state were found to be consistent with a Fe/H abundance ratio between 0.8 and 1.0 times 
the coronal value. No large-scale time variations in the Fe/H abundance are apparent, as 
were derived for Ca/H abundance ratios from the BCS instrument on SMM ("Svlwe ster et al.l 
[1984, 1998). Ratios measured in the thickest RHESSI attenuator state were up to nearly a 
factor of two higher than the theoretical curve, but for these there was generally a poor spec- 
tral fit. The best agreement of measured equivalent widths are for spectra taken with RHESSI 
in its first attenuator state during flare decay stages, for which spectra were apparently more 
nearly isothermal than near the flare peak and rise stages. 

Ratio of Fe-line to Fe/Ni-line in RHESSI spectra: The Fe-line feature at ~6.7 keV in 
RHESSI spectra is made up of Fe XXV lines and Fe XXIV satellite lines, both emitted as a 
result of transitions like l.s — 2p or Is — 2s, whereas most (~85%) of the Fe/Ni-line feature 
at ~8 keV is made up of Fe XXV lines and Fe XXIV satellites with Is — np (n ^ 3) transitions 
(the remaining 15% being due to highly ionized Ni lines). The flux ratio of the Fe-line to 
the Fe/Ni-line features should therefore be sensitive to because of the different excita- 
tion energies of the transitions, and so could be derived independently of the temperature 
from the continuum emission which might be contaminated with non-thermal emission near 



RHESSI achieves great dynamic range via two attenuators, which incrementally (in four combinations, 
but in actual practice only three) cut o ff the intense lo w-energy fluxes of major events and also allow the 
sensitive detection of weak microflares iLin et alj2002h . 
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Fig. 6.1 Top: measured and modeled count rate spectra in the energy interval 3-30 keV for RHESSl detec- 
tor 4 shortly after the peak of SOL2003-04-26T03:06 (M2. 1). The measured background-subtracted spec- 
trum in the interval 03:11:15-03:11:30 UT is the black histogram with ilff uncertainties in each energy 
bin. The background spectrum is the purple histogram with error bars at count rates between ~0.03 and 
0.1 counts (c m^ s keV)~' . The green histogram shows the thermal continuum calculated with the MEKAL 
atomic code iMeveil[l985!) and folded through the spectral response matrix of the RHESSl instrument. The 
histograms with yellow and magenta lines are two Gaussian line features representing the Fe-line feature 
(~6.7 keV) and the Fe/Ni-line feature (~8 keV) respectively, while the red histogram represents the total 
model. The fit range was 5.7 to 20 keV, and the reduced x~ of the fit was 0.74. Bottom: residuals in the fit 
range plotted as the number of standard deviations. 



the flare impulsive stage. The agreement of the observed and calculated equivalent widths of 
both line features (Figure |6^ indicates that for most RHESSl spectra the continuum temper- 
ature (which is plotted as the abscissa in Figure |6j2]i describes both equivalent widths well, 
so that the temperature from the ratio of the line features is nearly equal to the continuum 
temperature. 

For SOL2002-07-23T00:35 (X4.8), the continuum spectrum is well-fit by two thermal 
cornponents throughout the impulsive and decay phases. However, the Chianti predictions 
(cf . IPhillip s 2004.) of the Fe and Fe/Ni line fluxes and ratio based on the observed tempera- 
tures and emission measures of the two thermal components are significantly larger than the 
measured line values - by, on average, ~55 %, ^^20%, and ^34 %, respectively, with larger 
deviations at lower continuum temperatures jCaspi & Linll201(]|) . These discrepancies sug- 
gest against the interpretation of non-thermal excitation for the lines (as that would produce 
fluxes in excess of the predictions); while abundance variations could explain the deviations 
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Fig. 6.2 Measured and predicted equivalent widths (see text) as a function of Tg for SOL2002-05-31T00:16 
(M2.4). The red upper points are for the Fe-line feature with ± 1 tJ error bars obtained from spectral fits similar 
to the one shown in Figure |6T1 The blue lower points show the Fe/Ni-line feature. The corresponding solid 
curves show the th eoretical dependence, updated from Phillips ( 20 j). Atomic da ta used is from the Chianti 
database (v. 5.1) tPere et al.ll997bl : lYoung et al.ir2003.) (from .Philhps et alji200d) . 



of the line fluxes, the variation in t he ratio is mo re Hkely explained by ionization-fraction 
uncertainties as suggested bv iPhillips et al. 

Non-isothermal effects in RHESSI spectra: As indicated earlier, the analysis of Fe-line 
emission in RHESSI spectra to derive the flare Fe/H abundance ratio tPhillips et al.ll2003) 
was based on the assumption that the emitting plasma was isothermal. This conflicts with 
the appearance of flares with multiple loops, in which each loop may have a different T^,. 
In spite of this the isothermal approximation appears to apply to many flares, even in- 
cludi ng long-duration fla res observed spectroscopically from Yohkoh in S XV and Ca XIX 
lines jPhillips et al]|2005l) . Such flares have obvious multiple-loop structures. The success 
of isothermal fits also applies to RHESSI spectra at low energies, for which good fits to 
spectra obtained even with the RHESSI attenuators in place are generally achieved. For 
the rise phase of many flares, however, fits to RHESSI spectra are not so satisfactory, even 
for spectra which appear not to have any non-thermal component in the low-energy con- 
tinuum. Inspection of RHESSI images and the higher-resolution images from TRACE and 
SOHO/EYT instrument at the developing stages of flares shows that many individual loop 
structures contribute to the total flare emission, perhaps with different temperatures. 

Analysis of the differential mission measure (DEM) is therefore required, or at least 
RHESSI imaging spectroscopy, for these initial flare stages Although the parameters of the 
DEM are difficult to determine from RHESSI spectra alone, some progress can be made us- 
ing simple forms for the temperature structure of the developing flare plasma, such as DEM 
= Jg^" or exp(— rg/To) where a or To characterize the emitting plasma at any particular 
time. A more physically based description would involve a set of nearly isothermal com- 
ponents reflecting the multiple loops each in its own cooling equilibrium, so that the DEM 
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parameters a or Tp would characterize the distribution of the components needed. However, 
ICaspi & LinI bOlOh showed that for at least one flare (SOL2002-07-23T00:35), the spec- 
trum is well represented by two isothermal components, and a DEM analysis is consistent 
with a bimodal DEM. Cursory analysis of other X-class flares reveals a similar bimodal 
structure. A simple exponential or power-law DEM is therefore not necessarily a reasonable 
approximation. 

Non-thermal excitation of continuum and line emission in RHESSI spectra: It has been 
commonly assumed that the non-thermal electrons accelerated during the flare impulsive 
stage produce bremsstrahlung (free-free radiation) as they interact with the chromospheric 
or coronal material. The free-free emission is basically due to hydrogen, with small contri- 
butions from He atoms or ions, reflecting the solar composition. Free-bound radiation from 
the non-thermal electron continuum has until recently been neglected, on the grounds that 
high-energy electrons are less likely to re combine on ions than they are to emit free-free 
radiation. This has now been questioned iBrown & Mallikll2008li20M) . who argue that for 
Fe particularly the free-bound radiation may be very important for hot flare sources such as 
limb flares in which the footpoints are occulted . 

This little-studied effect could considerably alter the emission for such flares, and should 
be taken into account where it is detectable. This mechanism is fundamentally different from 
free-free emission in that the emitted X-ray energy maps one-to-one with the energy of the 
parent electron, rather than as an integral over the entire distribution. This means that its 
spectral features in principle can be interpreted much more directly. 

As well as non-thermal effects on the flare continuum, non-thermal electrons may give 
rise to excitation of lines such as those making up the Fe-line feature at ~6.7 keV. Excitation 
could occur by the ionization of K-shell electrons in neai-neutral Fe, with re- arrangement 
of the Fe atoms and emission of Auger electrons (67%) or photons (33%), resulting in the 
Ka or KjS lines (inner-shell transitions Is — 2p and Is — 3p respectively). An energy of at 
least 7. 1 keV is required for the removal of the K-shell electron in each case. Observations 
of these lines (at 6.4 keV for Ka and 7.1 keV for KjS) could provide a diagnostic for a 
non-thermal electron distribution that has sharp cut-off ener gy Eg, since the liries wo uld 
not be observed for Eq > 7.1 keV but would if £(> < 7.1 keV jPhillips & Neupert|[l973h . In 
practice a sharp cut-off would be quickly smoothed out by interaction of the lower-energy 
electrons in the distribution with ambient plasma. Most of the observed F e Kg line emission 
is due to fluorescence of neutral Fe in the photosphere for disk flares (Ba iil97^ : |Parmar et alj 
1 19841) and not to K-shell ionization by electrons. However, an intriguingly marginal case was 
observed with the BCS inst rument on SM M in which excitation by non-thermal electrons 



Summary: RHESSI was intended primarily as a probe of the non-thermal emission spec- 
tra of flares at high energies, but observation of low-energy (~3-20 keV) flare spectra has 
yielded important information. Results include the derivation of electron temperature evo- 
lution during the peak and decay stages of flares from the thermal continuum based on an 
isothermal assumption, though simple approximations to the temperature distribution have 
also been used. The continuum is theoretically due to free-free and free-bound radiation 
in comparable amounts in the RHESSI energy range. The two line features, the Fe-line (at 
~6.7 keV) and Fe/Ni-line (~8 keV) features, enable the abundance of Fe relative to H to 
be determined from their fluxes relative to nearby continuum emission. Analyses of spectra 
during the peak and decay phases of flares suggest a coronal value of Fe/H, i.e., one that is 
larger than the photospheric value by a factor 2-4. This is confirmed by measurements from 
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the SOXS instrament on the GSAT-2 spacecraft ( I Jain et aljEoO^ . Additional temperature 
information is offered by the flux ratio of the two line features: generally the temperatures 
derived are similar to those obtained from the energy dependence of the thermal contin- 
uum. Nonthermal effects are currently being investigated particularly for the Fe-line and 
Fe/Ni-line features, and could be a sensitive probe of the low-energy cut-off energy in the 
non-thermal electron distribution if one exists. 



6.2 Flare energetics 

In the matter of constructing the overall energetics of a flare and its associated mass ejec- 
tion, the requirement for multi-wavelength observations is clear. Direct measurements of 
the total radiative output are available for only a few flares, notably SO L2003-10-28T11:1 
(XI 7. 2) from the Total Irradiance Monitor on the SORCE spacecraft ( Woods et al. l[200i). 
While such measurements are the most accurate for estimating the total energy released in 
an event, information about the nature of the energy release process itself can be acquired 
only through analysis of the partition of energy amongst the various components such as 
energetic particles and thermal plasma that are present as the flare proceeds. 

The first attempts to estimate the total irradiance excess from a flare were made with 
the Active Cavity Radiometer Irradiance Monitor (ACRIM) on board the Solar Maxi mum 
Missi on. These observations, unfortunately, yielded only upper limits (Hudson & Wi llsonI 
Il983h. The TIM instrume nt currently flying on SORCE has now made definite observations 



dWoods et al.ll2004 l2006l) . and these have proven to be a key factor in our new ability to 
characterize the partition of energy since they provide a direct measure of the total flare 
radiation. These results may improve with time if filtering can be developed to reduce the 
TIM background fluctuations. However the best way to measure this important parame- 
ter sensitively could be to have imaging bolometric measurements, which would avoid the 
large background fluctuations due to p-modes and convective motions in the rest of the pho- 
tosphere. 

Considerable constraints on the energy release processes follow from a consideration of 
the partition of the released energy between accelerated particles, radiation, heated plasma, 
and ejected solar material. But any exercise of this sort must be done rather carefully in 
order not to "double count" energy terms that are directly related t o each other, e.g., en- 
ergy in accelerated electrons that is used to produce thermal plasma (Emslie et al.ll2005l) or 
radiation. This requires distinguishing amongst "primary" components of energy (e.g., the 
magnetic field), "intermediate" components (e.g., accelerated particles and thermal plasma), 
and "final" components (e.g., kinetic energy of ejecta, radiant energy in various wavebands), 
and recognizing the overlap of these components. 

In the RHESSI era, the partitioning of energy in two well-observed solar flare/CME 
events was carried out using data from a variety of missions including RHESSI, ACE, SOHO 
and GOES. This study yielded the result that "flare radiant energy and CME mechanical 
energy are the same order of magnitude." The SXR flare (from 1.5 keV) appears to con- 
tain substantially less than about 10% of the total radiant energy ("Emshe et al.P2005l). The 
impulsive-phase radiation appears to dominate the flare luminosity. Both the SEPs and the 
impu lsive phase acceleration contain a substantial fraction of the total energy dEmslie et al.l 
|2005[) . as described below. 
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Table 6.1 Flare and CME Energy Budgets* 







LJ J Uiy L\3\Jid 


— 7i — ■ V 

Primary Energy 






Magnetic 


JZ. J It U.J 


jZ. J It U.J 


Flare 






Intermediate Energies 






Electrons (> £n,in) 


31.3±0.5 


31.3±0.5 


Ions (> 1 MeV nucleon^') 


< 31.6 


31.9±0.5 


Thermal Plasma {T > 5 MK) 


31 1+°'* 


30.41°;^ 


Radiant Energy 


From GOES plasma 


31.3 ±0.3 


31.0 ±0.3 


Assuming L,o,n//Lx = 100 


32.2 ±0.3 


32.2 ±0.3 


CME 






Kinetic 


32.3 ±0.3 


32.3 ±0.3 


Gravitational Potential 


30.7±0.3 


31.1±0.3 


Energetic Particles at 1 AU 


31.5±0.6 


< 30 



'Tabulated values are logjg of the energies in erg of the different components given in table 1 of lEmslie et al.l 
^2005.) . 



6.3 Energetics of two large RHESSI flares 

A number of previous studies have examined the energy budget of a limited number of 
energy components in certa i n flar es. The radiative energy budget of SOL1973-02-05 was 
evaluated by Canfield et alJ ( ll98Clh . but in the absence of HXRs or y-ray observations for 
this event the role of energetic particles in the event could not be assessed. The X-ray and 
y-ray observations of several flares, including the major y-ray flare SOL 1972-08-04, were 
used to show that the kinetic energy of the accelerated electrons constituted a surprisingly 
large fraction of the total flare energy, perhaps as high as 10 to 50% of the ~10^^ erg released 
during the flare jLin &Hudsonll 19761) . Two flares within the same active region on 1980 Au- 
gust 31 provided the energy content in therma l plasma, non-therm al electrons, and hydrody- 
namic mass motions of non-ejected material ( tStrong etal.lll984h . while the energy content 
in radiative, thermal, non-thermal electron, a nd non-CME associated pla sma ejected was 
calculated for SOL2002-02-26T10:27 (C9.6) jSaint-Hilaire & Benzll2003) . RHESSI X-ray 
observations were used determine the energy in accelerated electrons and in the hot plasma 
for nine medium-sized flares (GOES class C6 to M8), with the conclusion that despite the 
large unce rtainties, the energies in th ese two components were of the same magnitude in 
each case JSaint-Hilaire & Benzll2005h . 

The energetics of two X-class flares (SOL2002-04-21T01:51 and SOL2002-07-23T00:35) 
have been analyzed in a very comprehe nsive study made p ossible by overlapping observa- 
tions at a variety of wavelengths ( E mslie et al. I l2004l2005l) . SOL2002-04-21T01:51 was a 
long-lived SXR event which occurred near the west limb; SOL2002-07-23 T00:35 was much 
more impulsive, a strong emitter of HXRs and y-rays (see lLin et al.ll2003h . and was located 
near the east limb at S13E72. Observations were used from instruments on the ACZi, SOHO, 
and RHESSI to provide quantitative estimates of the energy contents of (1) the coronal mass 
ejection, (2) the thermal plasma at the Sun, (3) the accelerated electrons producing hard 
X-rays, (4) the accelerated ions producing gamma rays, and (5) the solar energetic particles 
accelerated by the outward eruptive disturbance/CME. The detailed energy budget for these 
two events, including the CME kinetic and potential energies and the energy in the SEPs at 
1 AU, is reproduced in Table l6.l] . 
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Magnetic energy: The total magnetic energy available for conversion into other forms (flare 
and CME) can be estimated in principle from the extrapolation of the field observed at the 
photosphere. There are many uncertainties with such a procedure. The flares providing the 
information in Table 16.11 were each at the limb and therefore not amenable to the extrapo- 
lation in any case. Thus we view the uncertainty of 0.3 dex quoted in the table as highly 
optimistic. 

Energy in the CME: To derive the energy in the CME one must first derive a coronal 
density distribution from the excess brightness (due to Thomson scattering of photospheric 
light) in coronagraphic white-light images (e.g., from the LASCO C2 and C3 coronagraphs 
on SOHO; Brueckner et al. 1995 ). These observations permi t an es timate of the mass distri- 
bution of the CME JPoland et al.lil98ll : IVourlidas et al.ll200(]| . l2002h . Then, the flow patterns 
of the plasma during the ejection must be determined from the projected images as a func- 
tion of time to derive the velocity field of the CME material. Finally these properties can be 
used to find the potential ([/$) energy, kinetic ([/k) energy, and enthalpy associated with the 
CME. For SOL2002-04-21T01:51 and SOL2002-07-23T00:35, the potential energies ob- 
tained were = 10^"'^ and 10^' ' erg, respectively, and kinetic energies [/k = lO"'^'^^ and 

J032.0 gj.g -pjjggg 

are unusual CME events. Their large kinetic energies place both of t hem 
in the top 1% of all observed CMEs for the period 1996-2000 (Vourlidas et al.ll2002h . In 
both cases the gravitational potential energy is < 10% of the total energy contained in the 
CME. Note that the magnetic energy of a CME, thought to be its dominant term, is almost 
impossible to assess observationally. 



Thermal energy: The thermal energy of the heated plasma is obtained from the temperature 
Tq (K) and emission measure EM = Ln^dV (cm~-^ ) for the thermal portion of the overall 
spectral fit to the HXR data (see, e.g.. lHolman et al.l l 2003h . Here rig is the electron density 
(cm^-') and V is the emitting volume (cm-^). Account must be taken of the filling factor / 
equal to the ratio of the emitting volume to the apparent volume (Kp) as determined with 
an imaging instrument having limited spatial resolution. The thermal energy content of the 
plasma is then given by 



t/th = 3n,kTofV,j, ^ 3kTo ^EMxfV^p 

= 4.14x lO-'^To/EM/l^erg, (6.1) 

where k is the Boltzmann constant and Vap the source volume, estimated from the area 
information contained in the RHESSI observations assuming Vap =a3/2. For the common 
assumption of a filling factor of unity (/ = 1), this is an upper limit for the instantaneous 
thermal energy. It also can be taken as a lower limit to the total thermal energy since it 
does not account for the cooling of the plasma prior to a given time, nor for any heating 
at later times. Each of these contributions could add perhaps a factor of two to the total 
thermal energy. Application of equation l|6l]l to SOL2002-04-21T01:51 and SOL2002-07- 
23T00:35 yielded values of Uth = 10"" "' erg and 10^^' ' erg, respectively. An estimate of 
the total radiated energy can be rather straightforwardly obtained from the GOES SXR data, 
simply by int egrating the product of the emission measure and the optically thin radiative 
loss fun ction ('Cox & Tuckej [l96^ (for coronal abundances) over the duration of the flare 
temslie et al. 2005). This exercise gives values of Ur ~10^'"^ erg for the SOL2002-04- 
21T01:51 flare and 10^'"° erg for SOL2002-07-23T00:35. Note that no knowledge of the 
source volume, density, or filling factor is required to make this calculation; hence the good 
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agreement between these values and those obtained immediately above suggests that the 
simplifying assumption of unity filling factor is not unreasonable. In particular, the volume 
filling factor for the soft-X-ray-emitting plasma cannot be too small (< 0.01), otherwise the 
plasma energy calculated using the RHESSI source areas would be significantly below the 
estimate obtained from the GOES data. 

A separate physical argument also suggests that the filling factor cannot be too small. 
At the time of the peak temperature, the energy density in the thermal plasma, assuming 
/ = 1, already requires coronal field strengths exceeding ~350 G to contain the plasma; this 
number increases as SO the filling factor must be no smaller than ~0.01 unless the 

coronal field can significantly exceed ~1000 G. ICaspil ( l2O10h found that this same argument 
holds for essentially all X-class flares, as they all require coronal field strengths exceeding 
~220-460 G. This again suggests that a filling factor in the range 0.1-1 is a reasonable 
assumption for super-hot, X-class flares. 

Accelerated Electrons: The energy in accelerated elect rons can be determined from ap- 
plying a thick-target model see (see lHolmanetal]l201lh to the measured HXR spectrum 
in order to obtain the injected spectrum Fo{Eo) (electrons s^' keV^') and calculating the 
corresponding injected power from 



where E^[j^ is the lowest particle energy in the non-thermal component of the electron dis- 
tribution and A, is the injection area (which, however, cancels in further manipulation). The 
accumulated energy in non-thermal electrons is then obtained by integrating the injected 
electron power over time. The thermal spectrum is typically dominant at low energies, so 
the largest value of E^^ consistent with an acceptable fit to the spatially integrated spectral 
data, is chosen; the energies obtained are necessarily lower limits. The values of Ue thus 
determined were = 10^''^ erg for SOL2002-07-23T00:35 and 10^'-^ erg for SOL2002- 
04-21T01:51. These results are higher than the corresponding values of lO-^' -' erg and lO-'' ' 
erg for the energy contained in the thermal plasma J/th- This result is reinforced by the wide 
lower error bar on f/th caused by the uncertain filling factor / and the fact that JJe may be 
an MnJerestimate. This suggests that much of the electron power is radiated in other wave- 
lengths, such as optical and EUV (see below). 

Accelerated Ions: As explained in^ Vilmer et al.l ll201lb . accelerated ions are also ener geti- 
cally important in energetic solar flares with significant emission above ~300 keV ( Ram atv & 
I2OOOI) . The primary ions undergo nuclear collisions and thereby produce y-ray lines and con- 
tinua of various kinds, for example, by direct de-exci tation followin g inelastic scattering to 
produce lines mainly in the ~1-10 MeV range (e.g.. lRamatv et all 1979). These are broad 
enough for RHESSI to resolve. There is also a highly-broadened set of lines (a "pseudo- 
continuum" because of overlaps) resulting from a-particles and higher-Z ions striking am- 
bient nuclei. The flux in the highly-broadened component is typically >3 times that in the 
moderately-broadened component. The threshold energies for producing all of these nuclear 
lines are <;2.5 MeV, and so the spectrum below that energy is unknown observationally. 
Assuming a flat spectrum below 2.5 MeV, a lower limit of (1.0 — 4.0) x 10^^" erg of en- 
ergy and an upper limit of (1.2— 120) x lO-'^ erg (assuming a power-law spectrum down to 
0.1 MeV) was found for protons in SOL2002-07-23T00:35 (X4.8) (Lin et al. 2003). Protons 
and heavier ions together range from U; {6— 24) x 10-''' erg to (7 — 700) x lO-'^ erg. For 
SOL2002-04-21T01:51 (XI. 5), for which no significant y-ray line emission was produced. 




(6.2) 
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^q30 ^q31 ^q32 ^q33 ^ q34 

CME Kinetic Energy - SW Frame (ergs) 

Fig. 6.3 Comparison of SEP energy with CME kinetic energy for a sample of events, adapted from 
^ewaldt et al. (2008). There is no suggestion of a correlation, but these estimates do imply that the SEPs 
contain a large fraction of the total CME kinetic energy. 

the upper limit is in tiie range J/; ~ 4.0 x lO-'" erg to 1 .2 x lO-'^ erg, depending on the spectral 
model used. 



Solar Energetic Particles: SEPs accelerated at the flare site and/or at shocks driven by 
the CME represent another significant contribution to the global energy budget. SOL2002- 
07-23T00:35 (X4.8) occurred near the East limb of the Sun (S13E72) and, as is typical 
for east-limb events, was apparently not magnetically well-connected to Earth. As a result, 
near-Earth spacecraft such as ACE and GOES did not observe significant SEP fluxes that 
could be traced to this event. On the other hand, SOL2002-04-21T01:51 at S14W84 was 
relatively well connected to Earth, and indeed, a strong interplanetary shock (Mach number 
M/i = 3.7) was observed some two days later, at ~04: 15 UT on April 23. That the intensities 
of the SEPs coincided well with the time of shock arrival indicated that acceleration was 
taking place locally at the shocks. Integrating the energy spectra over energy and solid angle 
covered by the shock (typically sr) gives the total particle energy incident at 1 AU as 
Up ss 2.8 X 10^' erg), which is a significant fraction (~15%) of the CME kinetic energy 
(~1.8 X 10^^ erg). This implies that shock acceleration must be relatively efficient. Indeed, 
a broader survey of S EP events shows that this result holds commonly, though not invariably 



a broaaer survey ot b bf events snows that tms re: 
jMewaldt et alj2008h . Figure 163] illustrates this. 



Future improvements: The measurements in Table \6A\ all have sizeable error bars. How 
can these measurements be refined? We tackle this line-by-line in the table. 



Observational Overview 



71 



(i) Estimating tlie primary magnetic energy reliably is a difficult problem, but its so- 
lution will certainly involve measurements of the vector magnetic field at the "top" of the 
chromosphere, with spatial resolution adequate to capture the field close to the magnetic 
polarity inversion line - scales below one arcsecond. This must be accompanied by fast and 
robust mathematical methods for the non-linear force-free field extrapolations and/or by 
direct measurements of the vector field in the corona, e.g., by CoMP or similar instruments. 

(ii) Table 6.1 identifies "intermediate energies," reservoirs between the fundamental 
magnetic field and the true losses (radiation and ejecta). These table entries are themselves 
model-dependent, for example, in the cooling time scale of the thermal plasma. Detailed 
EUV-SXR imaging spectroscopy of flare arcades can sharpen these estimates substantially. 
The current uncertainties on the non-thermal electron energy budget derived from the coUi- 
sional thick-target model (which is the model requiring the smallest amount of non-thermal 
particle energy) lie wholly in a lack of knowledge of the "low energy cutoff" of the elec- 
tron spectrum, if there is one. One theoretical possibility for deducing th is information, is 
to find edges in th e X-ray spectrum produced by free-bound radiation dSrown & MallikI 
I2OO8I : brown et al.ll20ia') . No hard X-ray edge structure has yet been reported. The ion (or 
proton) component is also very poorly constrained, and improving this will require very 
much better y-ray spectroscopy, with much improved signal-to-noise ratio. We also have 
no knowledge at all of lower energy protons (of a few tens or hundreds of keV), though 
diagnost ics such as Doppler-s hifted Lyman- a (emitted by charge-exchanging low-energy 
protons (Orrall & Zirker 1976^ and the (disputed) observations of Ha impact polarization 
lyogt & Henoux 1999) might help us in this direction. 

(iii) Substantial improvement in CME energetics is now being obtained from the STEREO 
observations. The major uncertainty now, as before, is the lack of knowledge of the magnetic 
field and its dynamics. Table 6. 1 does not even list this item though it is the dominant one. 

(iv) The sparse sampling of SEP fluxes, and the difficulty of bookkeeping their distribu- 
tion in the heliosphere, are some of the issues. Data from nearer the Sun will help, as will im- 
provements in our un derstanding of their s ources. The observation of energetic neutral atoms 
via charge exchange jMewaldt et al. 2009) and neutrons, again from inner-heliospheric van- 
tage points if possible, will be a major step forward. Because of the sampling issues, though, 
this will likely remain inthe domain of statistics rather than precise measurement. 

7 Summary: models and observations 

7.1 Flare model constraints 

Where within this mass of data can we identify the decisive observations that will choose 
one model over another? It is a daunting task to find "a flare model" that is capable of ex- 
plaining all observed phenomena in all events. As we have seen a flare can be geometrically 
complicated and have many associated temporal components, and its effects appear across 
a large dynamic range of physical parameters. The extend from the solar interior to beyond 
one AU. Furthermore, not all flares exhibit the same behavior and many deviate sharply from 
the "standard" two-ribbon eruptive flare scenario that has framed much of our thinking for 
decades. For example, some flares do not have associated eruptions, and many have multiple 
ribbons instead of just two. Some flares continue accelerating electrons well into their X-ray 
decay phase, some have associated 7 rays but many - perhaps most - do not. 

Despite having orders of magnitude more data than was available at the time that the 
"standard" scenario was first formulated, our knowledge is still incomplete, and this incom- 
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pleteness forces us to invoke cartoons (see http : //solarmuri . ssl . berkeley . edu/ - hhudson/ cartoonsT] 
for a compilation) to relate one observable to another, and to suggest cause and effect. Ana- 
lytical or computational models with some degree of refinement tend to deal separately with 
different aspects of the flare; e.g., the magnetic configuration and how it evolves, electron 
acceleration, expansion of the chromosphere, production of radiation of one type or another. 
These various parts are then stitched together into cartoons - also loosely called models - 
but without the details of any individual aspect yet being fully worked out. 

So, what are the "top-level" components to a flare model? Firstly, we must understand 
how a particular coronal magnetic configuration can become loaded with or emerge with 
sufficient stored magnetic energy. We must understand how, after a period of stability, the 
configuration becomes unstable in such a way as to produce a dramatic energy release. The 
conversion of stored energy into the various forms which we infer observationally is a - 
perhaps the - central aspect of flare models, which still defies detailed explanation. A fourth 
model element - undoubtedly also related to the initial magnetic configuration - must ad- 
dress the relationship between the localized radiation burst that is the flare, and the coronal 
mass ejection. Each of these top-level model components has many sub-components. For 
example, considering one element of the energy conversion problem, even after 150 years 
we do not know the origin of flare optical emission. Several alternative theoretical scenar- 
ios exist for this part alone, and likewise for the tens of other observed and inferred flare 
phenomena. Where within this mass of models can we find the decisive predictions? 

Let us confine further discussion to the model elements identified as top-level above, and 
try and identify some ways in which observations support or refute the various options. This 
is necessarily a very abbreviated discussion as a full comparison between the multifarious 
models and the observations would require many more pages. 

Energy storage: The storage of energy presents an interesting problem. If magnetic recon- 
nection, releasing stored energy, can readily happen in a flare, or indeed in coronal heating, 
why does it not happen right away? This may come down to the configuration of the mag- 
netic field. Observationally, some progress has been made in understanding energy storage 
using field extrapolations from observed photospheric vector magnetic fields but these re- 
main problematic, not least because the photosphere is not force-free, in contradiction to the 
basic mathematical assumptions of the extrapolations. The suggestion from the existing ex- 
trapolations, at least of newer active regions, is that free energy storage occurs low down in 
the at mosphere, close to the polarity inversion line ( iRegnier & PriestlboOTi : ISchriiver et al.l 
l2008h . Unfortunately, present observations are barely able to resolve the photospheric vector 
magnetic field, let alone the chromospheric field, at the arcsecond scales required, and the 
reconstruction techniques are temperamental, so these conclusions should be treated with 
caution. Nonetheless, many flares also start with their footpoints close to a magnetic neu- 
tral line. This often involves the activation of low-lying active region filaments overlying 
strong sheared polarity inversion lines. This suggests that the properties of what is known 
as the "core field" in filament models - the strong, twisted or sheared field supporting fila- 
ment material - are also core to understanding the early phase of flares, and models capable 
of producing such configurations, whether by shearing or by emergence of structures with 
concentrated twist, are very relevant. To that end, we will profit from paying close attention 
to acti ve region filament magne tic field observations, such as those of lWiehr & Stellmacheij 
(Il99lh or lKuckein et al.l (l2009h . as well as anything that can be learned from coronal field 
diagnostics in the microwave, IR and UV regimes (Section [3.5l l. Observations diagnosing 
the typical properties in or near the reconnection region, such as the field strength and con- 
nectivity, number density, temperature and velocity, are necessary input to impulsive phase 
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reconnection and acceleration or heating models. Unfortunately the bulk properties read- 
ily observable with spectroscopic remote sensing may not be sufficient to understand the 
conditions that lead to what is in large part a plasma kinetic process (i.e., the decoupling 
of particles from the magnetic field and from each other). We should be prepared to learn 
what we can, in terms of the microphysics, from in situ observations in the solar wind or 
terrestrial environment. 

Instability and field rearrangement: The evolution of a stable, energy-loaded configura- 
tion towards an unstable one, and the release of the stored energy, are related problems. Both 
require an understanding of the conditions under which magnetic reconnection will set in 
- or not - and this is a vast field of study in itself. One view is that the rate of magnetic 
reconnection is determined primarily by the plasma microphysical conditions. Another is 
that reconnection is determined by the magnetohydrodynamic state, and the microphysics 
somehow adapts to keep up with what the field dictates. But with neither field measurements 
nor detailed information on non-equilibrium plasma conditions in the corona where flare re- 
connection is thought to take place, we know little for sure about the reconnection physics. 
Observations of plasma inflow in the late phase of flares allows estimates t o be made of the 
reconnection rate, which turns o ut to be compatible with fast reconnection ( lYokovama et alJ 
l200ll : lNarukage & Shibatal 12006.) . But the rate alone is not very informative, and the late 
phase of a flare is a less challenging environment in terms of the reconnection and rate of 
energy conversion required. 

Th e standard flare reconnection model has basically been in development since lGiovanellil 
lll948h . Note that Giovanelli's sketches of the magnetic scenarios for flares mainly empha- 
sized the behavior of current systems, rather than flux transfer; as late as 1963 lParkeil ( fl963h 
could describe magnetic-field "annihilation" as a "presently popular belief" to explain so- 
lar flares , but th at "There is very little in the observations to support such views." With 
IPetschekl ( 1 19641) augmenting the earlier work of Giovanelli, Cowling, Dungey, Sweet, and 
Parker himself, the case became much stronger. Nowadays it would be difficult to discuss 
flare phenomenology without appealing to magnetic reconnection in one form or another, 
although all of the abundant evidence for it is necessarily indirect. But once again, observa- 
tional constraints on model geometry are few. On the disk, observationally-grounded extrap- 
olations of the magnetic field are suggestive of one topology or another, sometimes backed 
up by the shape of the fie ld outlined in EUV. For example, there is evidence for coronal nulls 
in flaring active regions ( lAulanier et al.ll2000l : iFletcher et al.ll200ll : iMasson eT aDl2009l) . On 
the limb, double coronal sources are sometimes observed with a temperature structure con- 
sistent with outflows from a reconnecting structure, and a ver tical displacement be tween the 
two sources suggestive of a vertically-extended current sheet jSui & Holmanl2003h . Though 
not strictly flare activity, the magnetic and EUV coronal evolution during a flux emergenc e 
event is consistent with a model involving separator reconnection dUongcope et alJl2005l) . 
During the impulsive phase, the portion of the field outlined by hot plasma can look very 
asymmetric and disordered, but later on in the EUV/SXR arcade it looks rather symmetric 
and quasi-2-D, like the standard cartoon. So all topologies are possible, and perhaps flare 
magnetic systems evolve through different topologies. However, returning to Parker's dis- 
cussion of "annihilation," until we know whether we are dealing with reconnection or flux 
transfer at a neutral point, a neutral line, a separator, a current sheet or indeed a volume 
filled with many small current sheets it is not possible to say whether the energy released 
is dominated by field annihilation (i.e., dissipation of antiparallel components of B within 
the reconnecting structure) or field relaxation following reconnection ("dipolarization"). For 
example, reconnection at a null dissipates essentially no magnetic field because the recon- 
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nection volume is so small - energy conversion happens elsewhere in the system - but this 
would not necessarily apply to a volume filled with many small current-sheet structures. 

Energy conversion: The sudden transformation of energy contained in the solar magnetic 
field is the heart of the flare problem. As mentioned above, magnetic reconnection itself 
does not transform much energy, but may facilitate large-scale restructurings that do. The 
common ingredient in all flares, by any definition of their sudden appearance, is the im- 
pulsive phase. We identify this as the timing of the energetically fundamental non-thermal 
process of particle acceleration as originally observed at radio wavelengths, and then in X- 
rays and y-rays as well. It is this impulsive phase, which we can associate with all of the 
dominant energetic processes of a flare (the white-light/UV continuum emission, large-scale 
wave generation, CME eruption, and powerful particle acceleration), that is not captured in 
the many cartoons showing different versions of the standard flare model. 

The dominant models hold that particle acceleration is an entirely coronal process, with 
HXR footpoints produced by accelerated coronal electrons which precipitate, possibly hav- 
ing escaped a magnetic trap formed by the expansion o f magnetic field into the corona. 
The presence of coronal hard X-ray sources jKrucker et al. 2008a) as well as radio bursts 
provides ample evidence that non-thermal electron populations are present in the corona 
during the flare impulsive phase, with high fractions of all electrons present being acceler- 
ated. In one case in particular, the data suggest tha t essentially all coronal electrons present 
in the source are non-thermal (Kruc ker et al.ll2O10h . with mimimal remaining thermal distri- 
bution. Details of the acceleration mechanism are obscure, and observations in the optical to 
SXR regime which deal primarily with thermal (i.e., "processed" energy) are of limited help 
beyond suggesting the geometry and evolution of the environment in which acceleration oc- 
curs. Observational suggestions of a current sheet provide one possible environment, but if 
one is to produce the electron fluxes necessary to explain the HXR footpoints the required 
current sheet dimensions are rather unfeasible, unless the Alfven speed is high (the number 
of electrons accelerated per second being limited to what c an be advected into t he sheet 
each second). We have evidence of magnetic field relaxation ISui & Holm^l2003h consis- 
tent w ith shrinkage beneath a reconnection region, in which betatron acceleration would 
occur aaomov & Kosugi|[l997l) . But though this process can accelerate a good number of 
electrons, the energy increases achi eved are m odest, requiring a suprathermal population 
to start with ( Giuliani^tal . , 2005 : Karlickv & Baita 2006). Non-thermal line broadeni ng in 
soft X-ray (e.g., Ran ns et al.l2000l) and EUV lines jlmada et alj2008l : lHara et alj200i) may 
be interpreted as evidence for plasma turbulence, a central ingredient in many electron ac- 
celeration models, though our observations are at a spatial scale far larger than that at which 
plasma wave energy can be effectively dissipated by electron acceleration. 

At some level, coronal electron acceleration is straightforward even though the details 
are unknown. A certain amount of energy dumped into the coronal plasma in the form of 
plasma turbulence, for example, must be shared between the coronal particles resulting in a 
mean energy per particle. If that mean energy is high enough that the electrons are collision- 
less on timescales of interest, a non-thermal distri bution of some descr iption must result. 
Even in the exceptional coronal source studied bv lKruckeretaD ( l2010h the numbers and 
energies are plausible. More challenging are the chromospheric HXR sources interpreted as 
due to escaping accelerated coronal electrons. The standard collisional thick- target electron 
beam model requires electron fluxes up to a few x 10^^^ electrons per second ( iHolman et alJ 
|2003) leaving the corona. It is well known that this places strong demands on the coronal 
electron population, which amounts to perhaps lO-'^ in the volume above a flare region, and 
which would require replenishing during the course of the flare. Replenishing of the coro- 
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nal acceleration volume by a counterstreaming return current generated by the plasma in 
which the electrons propagate (of equal and opposite electron flux) has been postulated, 
but it was pointed out r elatively early on there would be problems with beam stability 
( IBrown & Melrose|[l977l) . and this remains the case. White-light footpoint areas, which we 
might take as a proxy for the electron beam areas (HXR footpoint areas being hard to mea- 
sure reliably) imply a beam flux and a return current speed in excess of what can propagate 
stably through the corona. At least according to our present theoretical understanding, the 
beam can travel stably only if the density of the loop in which it moves is large - on the order 
of 10 cm^ (see, e.g. . Ivan den Oordll99(]l . for details). Though this is possible later in the 
flare (once evaporation has started) there is little imaging or spectroscopic evidence for such 
loop d ensities before the flare (except in coronal thick target loop flares of Veronig & B rownl 
|2004 which do not show footpoints). Other except ions might be fo und in the pre-flare phase 
of SOL2002-07-23T00:35 (X4.8), as discussed bv^Linl ( l2002l) and lCaspi & LinI ll2010h . De- 
spite this uncertainty the coronal electron beam model has been accepted for decades, but it 
is clear that renewed theoretical effort must be dedicated to understanding the propagation of 
a dense electro n beam through the corona. Some alternatives to this model have also recently 
been proposed. iFletcher & Hudsor] ( l2008l) have introduced a model in which e lectrons pro- 
ducing the HXR footpoints are wholly accelerated in the chromosphere, and Brown et alJ 
12009) discuss the chromospheric re-acceleration of a small number of originally coronal 
electrons so that their photon yield per electron is increased, reducing the electron num- 
ber and flux requirement. Overall, an instantaneous emission measure for the non-thermal 
electrons of as mu ch as 10"** cm^^ is required to explain chromospheric HXR footpoints 
l lHovng etal.lll976t) which is achievable in the chromosphere, though still demanding. For 
example, if the flare footpoint area were around lO'^ cm^^, then assuming a chromospheric 
slab of thickness 10^ cm would require on average 3 x lO"^ electrons cm^-' to be accelerated 
- on average about a tenth of the total electr on population (bound or unbound) in the top 
1000 km of the VAL-C chromospheric model dVemazza et"al]ll98lh . 



Flares and CMEs: At present it seems clear that the standard flare scenario of large-scale 
reconnection in magnetic fields stretched b y an eruption must explain a great deal of flare 
phenomenology. Probablv lmravamd ( 1 1974 1) provided the first clear 3-D visualization of how 
this might feasibly happen, although the ideas certainly had been available long before this 
seminal paper appeared. In fact, the Hirayama work described a filament eruption (we would 
associate it with a CME nowadays), rather than a flare as such. Furthermore, we recognize 
that it is not the mass of the filament that is important in the overall dynamics, rather the 
evolution of the magnetic field which carries the filament mass along. The magnetic free 
energy released as the outwards ejection of mass is therefore at least as large as the CME 
kinetic energy estimated from the visible material. The CME is of course just another man- 
ifestation of the re-arrangement of coronal magnetic fields, but in an environment in which 
the perturbation can expand relatively freely into the corona above the reconnection region. 
This provides an interesting contrast to the situation below the reconnection region, where 
the magnetic rearrangement of strong fields releases a similar amount of energy into a small, 
confined volume of very low beta plasma, resulting primarily in non-thermal particles and 
heat, rather than mass motions. A basic calculation shows that 10-" erg released into a vol- 
ume of 10^^ cm^ at a mean density of say 10' ' cm^ results in a mean energy per particle of 
60 keV. Of course radiative and conductive losses reduce the instantaneous value, but it does 
make reasonably clear that flares are almost certain to be efficient producers of non-thermal 
populations. 
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The rise of the active region filament heralding the imminent onset of a flare identifies 
the importance of the MHD instability - which will go on to produce the CME - in the 
whole flare/CME combination. But t he extremely good correspondence in t ime between 
HXR bursts and both filament lift-off ("Maricic et aTll 20071 ; Ixemmer et ai]|2008h and coronal 
"supra-arcade downflows" iAsai et al...200 4b') (interpreted as retracting flux tubes formed in 
reconnection behind a CME) does not really permit us to say whether one is the "cause" and 
the other the "effect." 

A further pioneering paper bv lGold&Ho"^lll960l) had already described a large-scale 
reconnection scenario that did not req uire a prior eruption, a nd many flares, even including 
some as powerful as the low X class ('Wang & Zhang| |2007h events, do not result from the 
open fields stretched out by a CME. Therefore models which permit the release of stored 
magnetic energy without field opening are also necessary - su ch as those proposing internal 
reconnections in active region c ore field ( Gibson & Fan"200^, or reconnection without full 
field opening dOeVore & Antioc hos 2008; Masson et al. 2009). 

A final observational link which deserves modeling attention is the association of solar 



energ etic particles with "soft-hard-harder" X-ray spectral evolution and fast CMEs dOravson et al.l 
l2009h . The SHH evolution is clearly a property of a solar acceleration process which oper- 
ates long after the CME has left, and long after the flare impulsive phase. It is apparently 
unique to flares exhibiting CMEs. Perhaps slow reconnection behind the departing CME, or 
dipolarization of reconnected fields which have been greatly stretched by the process, plays 
a part in the ongoing acceleration. 



7.2 Future observational progress 

Here we list a few important areas in which observations should be improved. 

1. UV/EUV imaging spectroscopy. It is a major embarrassment to solar physics that 
we often turn to stellar observations to learn how to fill in missing "details" from the 
solar data. One such "deta il" is the spectroscopy and morphology of Ly-a in flares 
( iRubio da Costa et al.ll2009h . Ly-a is a primary radiating component, rich in diagnos- 
tic information about the chromosphere. In general the visible/UV continuum contains 
the majority of flare radiated energy and yet we have few good observations of it (e.g., 
lNeidiglll989h . 

2. Sensitive high-energy observations. RHESSI has made it abundantly clear that the 
key non-thermal processes involved in the disruption of coronal plasmas (i.e., flares 
and CMEs) can readily be detected even in the tenuous middle corona. There is a vast 
parameter space awaiting sensitive instruments. 

3. Microwave/meter- wave imaging spectroscopy. Solar radio astronomy has not had the 
benefit yet of broadband observations in this key domain, or of radio imaging at more 
than a few frequencies. We know it to contain emission and absorption features of great 
diagnostic significance, as well as giving insight into the 3-D structure of the coronal 
magnetic field. 

4. Neutral particle emissions. The detection of neutrons and energetic neutral atoms from 
solar flares is in its infancy but holds great promise for understanding the behavior of 
accelerated ions in the virtually unknown domain below a few MeV. Neutron detectors 
placed at a few tenths of an AU will be of great value. 

5. Coronal seismology. The wave population - background and transient - is another 
means whereby the coronal magnetic structure can be probed. This can be observed 
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by high-resolution imaging and imaging spectroscopy of the global corona. The first 
steps in this area are now emerging from ground-based and Hinode observations, and 
the Solar Dynamics Observatory will provide a comprehensive imaging view because 
of its large telemetry bandwidth. 



8 Conclusions 

We have reviewed flare observations in a broad sense, touching on related phenomena and 
models that attempt to describe the overall process. The multifarious observations across 
the broad spectrum of phenomena each help us to characterize the equilibrium change in 
the corona and chromosphere that we call a flare, and it should be clear that the multiwave- 
length approach is crucial in flare studies. It tells us where the flare energy starts and where 
it ends up, and something about the intermediate steps. It also provides some geometrical 
and diagnostic information about the flare magnetic environment, at different levels in the 
atmosphere, and how and when this changes as the flare proceeds. This big picture cannot 
be reached using one spectral region on its own. The multiwavelength observations have 
many detailed applications as we try to understand specific mechanisms that are at work 
in various phases and regions of the flare development. Some of the mechanisms are at the 
stage of recent discovery and have only the sketchiest understanding at present. The coming 
decade will see a flood of multi-wavelength data, mastery of which which will require the 
development of new analysis techniques, such as fast image processing and feature recog- 
nition. It will be clear to the reader that much of the observational evidence presented here 
is based on the detailed analysis of small numbers of flares, and even basic statistical stud- 
ies are rather few. But a comprehensive understanding of the flare phenomenon will require 
a blend of both approaches - i.e., the collection, sifting, comparison and assimilation of 
detailed properties of large samples of events. We look forward to the challenge. 
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